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PREFACE 


The development of novel structural systems is inconceivable without 
advanced materials aimed at improving service performance for a new 
demand. As with everything in nature composed of a mixture of materials 
that work well together, two or more dissimilar material systems may be 
employed in concert to form a hybrid engineering structure that balances 
the enhanced service performance of the structure with its feasibility and cost 
efficiency. 

One of the most common structural hybrids being exploited today com- 
bines metals with polymer matrix composites. A characteristic example of 
this is a warship’s primarily metal hull with composite structural compo- 
nents. While upgrading functional and operational capabilities, a hybrid hull 
significantly differs from a conventional monomaterial hull, which is either 
fully metal or fully composite. The encountered distinctions pertain to the 
two major factors governing a structure’s engineering, material processing 
and structural behavior. Jointly, these distinctions engender considerable 
peculiarities of engineering routines that need be ascertained for an effective 
implementation of the projected hybrid structure. 

The present work identifies specific traits intrinsic to hybrid structural 
systems and outlines design rationales that maximize functional and opera- 
tional effectiveness of the hybrids. It is primarily dedicated to the advance- 
ment of naval structures and is based upon experience acquired over decades 
of engineering and operation of naval composite and hybrid structures. 
Aside from a direct military destination, the imparted data might also be 
useful for a diversity of heavy-duty structural systems throughout non-naval 
marine, aerospace, automotive, wind-power generation, and other indus- 
tries striving to maximize service performance, weight efficiency, cost 
effectiveness, and safety of structural operation. 

The book chapters impart diverse aspects of hybrid structure engineer- 
ing, specifically as follows. 

Chapter 1 introduces the grounds for hybrid hull development and 
peculiarities inherent to hybrid structure engineering. It also provides an 
overview of the history of composite shipbuilding and summarizes the 
lessons learned from preceding experience, the rational adaption of which 
facilitates success in hybrid hull development. 
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Chapter 2 benchmarks representative examples of warships with hybrid 
hulls, distinguishing two major categories of composite applications for 
primarily metal naval vessels: topside structures of surface ships and outboard 
(light hull) submarine structures. 

Chapter 3 enlightens specific facets pertinent to engineering of material- 
transition structures, hybrid (metal-to-composite) joints in particular, and 
outlines design rationales for selection of robust and structurally efficient 
technical solutions. 

Chapter 4 presents results of the recent development of an emerging 
bonded-pinned (Comeld-2) hybrid joining technology that appears superior 
to the state-of-the-art hybrid joining options for heavy-duty applications 
available to date. Chapter 4 also delineates economic aspects of hybrid hull 
concept implementation with utilization of Comeld-2. 

Chapter 5 addresses methodological aspects of serviceability evaluation 
of composite and hybrid structures undergoing long-term changing 
force-ambient operational exposures. 

Chapter 6 identifies and outlines the targets for prospective develop- 
ments with regard to beneficial utilization of the hybrid structure concept, 
including those beyond naval shipbuilding. 

The appendix of the book presents a few MatLab codes exemplifying 
evaluation of serviceability of a composite structure undergoing assorted 
force-temperature exposures. 
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CHAPTER 1 


Premises of Hybrid Hull 
Implementation 


1.1 TRENDS IN DEMAND FOR COMPOSITE AND HYBRID 
STRUCTURES 


Development of novel structural systems is inconceivable without advanced 
materials capable of facilitating service performance related to a new 
demand. As with everything in nature composed of a mixture of materials 
that work well together, two or more dissimilar material systems may be 
employed in concert to form a heterogeneous, hybrid structure that enables 
a rational balance of enhanced performance with feasibility and cost effi- 
ciency of the new structure. One of the most common structural hybrids 
being exploited combines metals with polymer matrix composites (PMCs). 

Structural utilization of PMCs is extensive and rapidly expanding today. 
This is due to a combination of the structural and physical properties of 
PMCs that enables substantial advancement of assorted structural systems. 
A structure’s weight reduction allied with the high specific strength of struc- 
tural PMCs; an opportunity to provide a complex streamlined shape, con- 
siderably simplifying employed manufacturing processes; and great 
corrosion/fouling resistance in a harsh operation environment, allowing 
for practically effortless maintenance—these and other advantages are driv- 
ing the exceptional popularity of PMCs for a diversity of structural 
applications. 

Among the major beneficiaries are watercraft, aircraft, and spacecraft; 
automobiles and other ground vehicles; bridges, causeway floating plat- 
forms, and offshore oil/gas rigs; pipelines and pressure tanks; wind turbine 
blades; and so on. Warships and other naval platforms represent a worth- 
while example of the structural hybrids operated on, under, and above 
the sea surface. 

Despite the multiple gains, lack of magnetism was in fact a prime inspiration 
for the naval application of PMCs, particularly for mine countermeasures ves- 
sels (MCMVs). Enhanced stealth performance is another advantage calling for 
expanded use of PMCs for warships. Not only relatively small and midsize 
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warships, such as MCMVs and corvettes, which typify full-composite naval 
vessels, benefit greatly from PMC utilization. Large, primarily metal-hull ships 
such as destroyers and missile submarines, for which a full-composite hull is 
impractical, may also be beneficiaries. For instance, a destroyer’s superstructure 
made ofa PMC is capable of absorbing electromagnetic emanations from radar 
and transforming the signature of the vessel, simultaneously significantly reduc- 
ing her top weight (Arkhipov et al., 2006; Hackett, 2011; Lackey et al., 2006). 

In general, such key advantages as weight saving, augmented 
deadweight-to-displacement ratio, increased speed and/or cruising range, 
improved stability, corrosion prevention, enhanced propulsion characteris- 
tics, and improved signature control may all ensue from implementation ofa 
hybrid hull combatant ship. 


Weight saving, augmented deadweight-to-displacement ratio, increased speed 
and/or cruising range, improved stability, corrosion prevention, enhanced 


propulsion characteristics, and improved signature control; all could be 
facilitated by implementation of the hybrid hull concept for a combatant ship. 


Essentially, any structural component of a hybrid hull might be made of 
structural PMCs, including but not limited to hull shell panels, bulkheads, 
platforms, the deckhouse, the superstructure, and foundations for machinery 
and equipment, as well as other heavily loaded ship structures, including 
rudders and structural components of water jet propulsion systems, such 
as the outlet, pump housing, housing inlet, and inlet tunnel. 

It should be noted that along with the primary structural material, metals and 
PMCs, an assortment of ancillary materials may be used within a hybrid struc- 
ture. These include a variety of light-weight core materials pertinent to sand- 
wich panels, rubbers (for acoustical enhancement of structural panels), and 
ceramics (useful for enhancement of ballistic protection of a structure’s panel). 

A series of recent patents and technical papers enlighten the hybrid hull 
notion with regard to the major structural components of a primarily 
metal naval surface vessel—bow, stern, and midship side panels, as well as 
topside structures. The following represent an array of related recent patents 
(Aleshin et al., 2011; Barsoum, 2002, 2005; Critchfield et al., 2003; 
Kacznelson et al., 2009; Maslich et al., 2009; Shkolnikov, 2011, 2013) 
and technical papers (Barsoum, 2003, 2009; Bulkin et al., 2011; Critchfield 
et al., 1991; Horsmon, 2001; Kudrin et al., 2011; Mouritz et al., 2001; 
Potter, 2003; Shkolnikov et al., 2009). 
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As for rewarding applications for surface vessels, hybrid structures are also 
favorable for submarines, particularly in terms of their outboard structural 
components. The benefits pertaining to PMCs’ submarine application 
include increased sonar efficiency, avoidance of intricate demagnetization 
procedures relevant to complex-shape structures, and simplified trimming 
and ballasting operations. For these reasons, a sonar dome, ballast cisterns, 
superstructures, sail (fairing), fins, propulsors, launch tubes, and hatches 
are all good candidates for replacement of metal with PMC to enable signif- 
icant enhancement of a sub’s structural and combat efficiency. 

Figure 1.1 depicts a generalized hybrid hull architecture applicable to 
both major categories of naval ships, surface vessels and submarines, for 
which the hybrid hull option might be superior. 

The white areas indicate locations of composite structural components 
potentially beneficial to the service performance of these metal naval vessels. 

Besides technical advantages, a PMC application for a primarily metal 
vessel may facilitate considerable cost savings. Although a hybrid hull con- 
struction itself is typically somewhat more expensive than a conventional 
monotonous metal hull, the ensuing significant weight savings ultimately 
provides a noticeable reduction of the ship’s construction cost. Resistance 
to both corrosion and fouling in turn dramatically lowers maintenance 
expenses, greatly contributing to overall ownership cost savings. 


1.2 HYBRID HULL PECULIARITIES 


Evidently, a hybrid structure comprises merely metal and composite 
mono-material components along with a distinctive heterogeneous 
material-transition structure. For some structural units, such as a hull shell, 
mono-material components represent the prevailing part of the hybrid 
structure, while the material transition typically embodies just a hybrid 
(composite-to-metal) joint. For other parts, such as a ballistic-protection 
panel or a composite pipeline with a metallic load-sharing liner, the material 
transition essentially represents the entire hybrid structure. For both these 
major alternatives, the pursued heterogeneity, while capable of upgrading 
functional and operational performance, considerably affects both 
manufacturing technology and structural behavior of a hybrid ship hull, 
requiring a certain revision of conventional engineering routines, including 
a structural design optimization, structure analysis and strength reconcilia- 
tion, and material processing. 


Figure 1.1 Generalized hybrid hull architecture. 
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First of all, a trade-off study, looking at the feasibility and techno- 
economic appraisal of the hybrid hull concept implementation, needs be 
carried out to calculate the scale of the composites that maximizes antici- 
pated technical benefits and cost effectiveness with respect to a particular 
vessel. 

The structural optimization of a hybrid hull is complicated by the mul- 
tiple design variables inherent to a two-/multi-material structural system. In 
addition, an extra challenge imposed by the structural heterogeneity is to 
provide requisite structural integration allied with robust, reliable, and struc- 
turally efficient composite-to-metal coupling. 

With regard to hybrid structure analysis, distinct properties of utilized 
dissimilar materials need be taken into account. However, this is not all. 
The difference in physical properties may initiate derivative interactions 
between those dissimilar parts inducing additional mechanical stressing 
and/or other adverse effects. Unequal thermal expansion under altered 
ambient temperature and galvanic corrosion of the metal part in a seawater 
environment, attributable to the distinct electrode potential of dissimilar 
structural components, exemplify that issue. 

One more behavioral distinction pertains to a potentially considerable 
difference in fatigue performance of the dissimilar parts of a material- 
transition structure. For this reason, a part that has superior load-bearing 
capability under a short-term loading may manifest inferior performance 
under long-term operation. This transition can be aggravated by different 
sensitivities of the dissimilar parts to environmental impacts. Due to these 
considerations, the weakest link may migrate over the material-transition 
structure undergoing alternating force-ambient loading exposure during a 
ship’s operation. 

One of the principal distinctions that meaningfully affects manufacture 
of a hybrid structure is simultaneity of composite part processing with 
processing of the material-transition component. While providing an 
advantageous opportunity to create complex geometries, practically 
eliminating multiple assembly and post-processing operations, this calls forth 
a manufacturing-inclined design—a “design for manufacturability” approach. 

The quality control also needs to be upgraded to a broad examination of 
both the PMC part being formed and the interface thereof with the metal 
part within the material-transition structure, in lieu of the routine inspection 
of welding of an ordinary metal hull. 

Mostly, said specific traits are interconnected, augmenting the challenge 
of engineering an effective hybrid structure that properly balances the pros 
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and cons inherent to a material’s service properties and maximizes beneficial 
operational outcome of the entire hybrid structural system. 


1.3 INHERITANCE OF COMPOSITE SHIPBUILDING 


Rational adaptation of composite shipbuilding and lessons learned from pre- 
ceding experience to a large degree promise success in hybrid hull develop- 
ment. With a slight stretch, Noah’s ark might be considered composite, as it 
was built of more than one material, of “gopher wood covered inside and 
out with pitch.” Modern composite shipbuilding, now over a half-century 
old, implies utilization of PMCs for the principal hull parts of a ship. This is 
allied with assorted trends in hull structural arrangement, a variety of 
material compositions and layups, and a range of the material processing 
techniques. Typically, both hull structure and composite material are 
formed simultaneously, using the same manufacturing process. Due to this, 
design for manufacturability is a preferable approach for a composite hull, 
distinguishing it from the customary design of uniform metal or wood 
hull structures. While pursued from the commencement of composite ship- 
building, design for manufacturability has grown quite gradually that is 
mainly due to initial lack of relevant experience. The evolution of the 
full-composite ship design is well illustrated by the heritage of composite 
shipbuilding to date. 

In fact, the design of midsize glass-fiber-reinforced plastic (GFRP) 
MCMVs, pioneered by Soviet shipbuilders in the early 1960s, largely rep- 
licates conventional metal hull design. In particular, Project 1252—Izum- 
rud/Zhenya' and Project 1258—Korund/Yevgenya, designed and 
constructed in the Former Soviet Union (FSU) in the 1960s — 1970s, are 
two MCMV classes of the first generation of full-composite ships ever built. 

Hulls of both these MCMV classes are made up of relatively thin solid 
GFRP skin supported by bidirectional framing that comprises transverse 
bulkheads, transverse frames, longitudinal stringers, and densely set longitu- 
dinal stiffeners. In Figure 1.2 is shown the Zhenya’s metal-like composite 
hull design in transverse section with delineated layout of her midship. 

As can be seen, multiple structural members are allotted to support the 
hull shell and create adequate rigidity and robustness. Similarly to a metal 
ship hull, spacing of the longitudinal stiffeners typically does not exceed 
500 mm. Even the stiffener profile replicates the metal T-beam standard. 


Hereafter, such notation implies an original Russian vs. NATO classification code. 


Premises of hybrid hull implementation 


Figure 1.2 Transverse section of the MCMV Zhenya’s midship. 
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The joining of all coupled structural members is fulfilled by bonding patches 
in lieu of the welding required for metal hulls. 

Works of Smirnova et al. (1965), Vaganov et al. (1972), and Skorokhod 
(2003) represent the primary published sources that describe design princi- 
ples and impart particular structural details relating to hulls of this first gen- 
eration of full-composite ships. Utilized material compositions are also 
imparted. Primarily, this is a polyester resin (PN-609-21M) reinforced with 
satin fiberglass fabric (T-11-GVS-9). The symmetric and balanced fiber 
layups (0°/45°/—45°) and (0°/45°/90°/—45°) embody the predominantly 
utilized laminate schedules. 

Both classes of the first-generation composite MCMVs, Zhenya and 
Yevgenia, were designed by Zapadnoe PKB (currently Almaz Central Design 
Bureau) in St. Petersburg (Leningrad), Russia. TD “Sredne-Nevsky Sudostroi- 
telny Zavod,” LLC, Pontonny, St. Petersburg, Russia, is the shipyard where 
all MCMVs of the Zhenya and Yevgenia classes were built employing hand 
layup molding of GFRP. Photographs presented in the book authored by 
Skorokhod (2003) as well as those posted on the Internet—see, e.g., Anon. 
(n.d.)—illustrate the Zhenya and Yevgenia MCMVs. 

Specifically, the Zhenya class was a three-unit series of base 320-ton 
minesweepers built for the FSU Navy in the late 1960s. These were 
commissioned in 1966, 1968, and 1969 and served till 1990 
(Skorokhod, 2003). 

The Yevgenia class in turn comprised a 92-unit fleet of minesweepers 
built for Soviet and foreign navies between 1967 and 1980. They were rel- 
atively small 94-ton vessels destined for inshore work. 

Each of the Yevgenia-class ships served for a long period of operation, typ- 
ically about 30 years. The latest of these was the RT-71 unit decommis- 
sioned in March 2006 (Skorokhod, 2003). 

Design and construction of the first-generation composite MCMVs was 
preceded by extensive collaborative R&D performed by several leading sci- 
entific centers of the FSU. Principal was the Krylov State Research Centre 
(KSRC). Other key players included the First Central R&D Institute of the 
Ministry of Defense and the Shipbuilding & Ship Repair Technology Center, 
with a great involvement of both design firm and shipyard. 

The performed investigations comprised assorted efforts, including 
devising innovative design solutions suitable for a GFRP ship hull; selection 
of marine-grade GFRP compositions; working out of material processes rel- 
evant to a construction of uniquely large, for that time, structural units 
within the shipyard environment; and development of structural analysis 
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and strength reconciliation routines that substantially differed from those 
used for the conventional metal ship hull. 

The analytical studies and design efforts were accompanied by extensive 
mechanical-environmental testing of material coupons and structure models 
and prototypes targeted to experimental verification of feasibility, suitability, 
serviceability, and efficiency of the novel technical solutions as well as rel- 
evance and validity of the selected math models. The experimental program 
included testing to failure of full-scale structural components and hull com- 
partments undergoing static, fatigue, and dynamic loading at varied ambient 
exposures corresponding to the harsh environment of encountered by naval 
ships. Ship sea trials concluded the experimental part of the performed R&D 
program. 

Overall, the operational experience of the first generation Soviet 
MCMVs was quite successful, practically without fault for typically over 
25 years of service. Both Zheya and Yevgenia MCMVs demonstrated sound 
structural performance and seaworthiness. The principal noteworthy trait of 
those vessels was the structure’s high weight efficiency, allied with the ship 
hull’s low weight-to-displacement ratio. This was 0.281 for the Zhenya’s 
hull and 0.206 for the Yevgenia’s hull (Kobylinsky et al., 1997). 

Essentially, this weight-related prominence was the outcome of the con- 
ventional metal-like hull design embodied by the relatively thin shell sup- 
ported with densely set framing. The price paid for this advantage was 
excessive labor related to the fabrication of multiple stiffeners and related vast 
joining operations that accompanied hull assembly of those vessels. Another 
negative consequence of copying metal design was manifested by a few 
instances of local piercing that ensued from occasional rough mooring oper- 
ations (Yangaev, 2008). 

The weight efficiency of the GRFP hulls of following generations of the 
full-composite MCMVs was typically somewhat lower. The direct follower 
of the first generation was the Wilton, a 450-ton minehunter that plied the 
seas beginning in 1972. The Wilton’s builder was Vosper Thorneycroft, Wool- 
ston, United Kingdom. The ship was laid down in August 7, 1970; launched 
on January 18, 1972; commissioned on July 14, 1973; and decommissioned 
in 1994 (Anon., 2013a). 

The Wilton’s design was based upon the existing Ton class minesweepers 
built of wood and other non-ferromagnetic materials in the 1950s. The pri- 
mary material for the Wilton’s hull was a composition of glass woven roving 
with a polyester resin that was to give the vessel a low magnetic signature 
against the threat of magnetic mines. 
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The Wilton’s hull design, distinct from that of the preceding Soviet com- 
posite MCMVs, was notably more composite-inclined. The difference was a 
relatively thick single solid skin stiffened by scarcely set deep hat-shaped 
frames. Figure 1.3 delineates a characteristic midship with such a structural 
arrangement. 


Figure 1.3 Cross-section of Wilton’s midship: single skin stiffened with hat-shaped 
frames. 
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Chalmers et al. (1984) and Smith (1990), along with other experts’ pub- 
lications, consistently illustrate the principles of a composite hull design 
comprised of hat-stiffened panels. The advantage of these over T-shaped 
stiffeners lies mainly in the simplicity of the molding operations, with uti- 
lization of light-foam core inserts to form a stiffener’s profile. Another 
advantage is the higher structural effectiveness of the hat-shaped frames per- 
taining to elastic stability, particularly meaningful for in-plane stability of the 
stiffeners. 

The adverse side of these positive features is reduced structural perfor- 
mance of stiffener-to-skin joining by application of secondary-bonded 
patches especially sensitive to underwater shock exposures. Primarily, 
diminishing strength is due to the stress concentration at the inner corner 
of the patch, at the foam-to-shell attachment. To overcome this weakness 
of mere adhesive bonding it is reinforced with through-skin bolts which 
ensure the joints’ robustness when subjected to underwater shock. The pho- 
tograph of the Wilton’s side view posted by Slemmings (2006) clearly reveals 
the presence of the bolts reinforcing the adhesive bonding. 

It is appropriate to note that although enhancement of the joint resistance 
to short-term static and dynamic loading was attained, the long-term perfor- 
mance of combined bonded-fastened joints remained practically unchanged, 
being relatively comparable to the structural performance of plain bonds 
with the same joint’s materials and geometry. A primary reason for such 
inconsistence was conceivably the adverse influence of the stress concen- 
tration related to fastener insertion, which notably affected joint fatigue 
performance. 


Although resistance to short-term static and dynamic loading increases, the 
long-term performance of combined bonded-fastened joints stays relatively 


commensurate with that inherent to plain bonds utilizing the same materials 
and geometry. A primary envisioned reason for this tendency is an adverse 
influence of the stress concentration accompanying fastener insertion. 


It should be also noted that selection of T-shape framing for the first gen- 
eration of Soviet MCMVs was partly due to the insufficiency of mere adhe- 
sive Joining of hat-shaped stiffeners to the hull shell, with regard to ability to 
withstand dynamic loading exposures. 

The progress in closed-mold vacuum-assisted infusion material proces- 
sing (VIP) attained afterward substantiated significant improvement of the 
adhesive bonding of the shell and stiffeners (Osborne, 2014). Being applied 
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simultaneously to the molding of the hull shell and to its supporting hat- 
shaped stiffeners, VIP enabled uncompromised coupling (Bonanni et al., 
2004). This made mechanical fastening of adhesive bonding, such as that 
employed for the Wilton’s hull, unnecessary, which, favorably for the appli- 
cation of hat-shaped stiffeners comparatively to that of T-shaped ones. 

The Wilton was a coastal MCMV for the Royal Navy, serving as a pro- 
totype for the Hunt class MCMV with 685-ton displacement, derived from 
the Wilton’s design, construction, and operation experience. The Hunt class 
represented a series of 13 vessels. The first unit commissioned, the Brecon, 
was launched in 1978, and the series was completed by Vosper Thorneycroft 
in 1980 (Anon., 2013b). 

Similar to the Wilton, the Hunt featured the composite-inclined design. 
The hull had a relatively thick solid laminate skin embodied by glass woven 
roving and polyester resin. The hull shell was supported with sparsely placed 
foam-filled hat stiffeners that, along with relatively low-strength, inexpen- 
sive fibrous material, caused notable growth of the hull’s weight, with a 
resulting increase in the hull weight-to-displacement ratio to 0.358, as 
reported by Kobylinsky et al (1997). 

To increase the resistance of the frame-to-skin joints to dynamic loading, 
analogously to the Wilton, these combined adhesive bonding patches with 
mechanical fastening, specifically with thread-cutting screws. 

Overall, excluding the drawback pertaining to the relatively weighty 
hull, the Wilton-Hunt design trend was certainly advantageous with respect 
to both principal characteristics of a composite ship hull, its structural per- 
formance, and its manufacturability. While the employed hull arrangement 
facilitated its requisite robustness and reliability, thus corresponding to 
MCMV operations, the hull construction cost stayed within a reasonable 
range. This was mainly due to both the utilization of relatively thick and 
inexpensive glass fabric reinforcement and the reduced intensity of assembly 
and skin-frame coupling operations. 

The Sandown class 484-ton minehunters commissioned in 1989-2001 
continued the British Wilton—Hunt design tradition with regard to hull struc- 
tural arrangement. Twelve ships were built for the Royal Navy, and another 
three were exported to Saudi Arabia. The Sandown MCMVs were also built 
by Vosper Thorneycroft, promising the sound structural performance and 
operational experience manifested by those vessels. 

One notable distinction from the Wilton-Hunt customary design was the 
longitudinal orientation of the bottom and main deck structural support that 
was averred to be more efficient than transverse stiffening in terms of both 
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weight and construction cost (Shenoi and Wellicome, 2008). It should be 
noted that mixed stiffener orientation is typically associated with the extra 
challenge of ensuring the requisite robustness of the bidirectional framing 
at the ends of intercostal transverse frames. 


Orientation of mixed stiffeners creates an extra challenge to ensuring robust 


coupling of longitudinal structural members with intercostal transverse frames. 


Another major alteration was made with the use of SCRIMP (Seemann 
composites resin infusion molding process)—a version of conventional VIP 
(Osborne, 2014), which involved the resin being drawn into a sealed 
mold under vacuum. In particular, Vosper Thornycroft’s SCRIMP-based 
manufacturing technology was used to construct the entire superstructure, 
along with some internal structures of the minehunters (Anon., 2(012a). 

It should be emphasized that closed-mold VIP became imperative for the 
manufacturing of large FRP structures, such as ship hull components, with 
long production runs. The primary reasons for this transition were the 
improved quality of a formed laminate in terms of minimization of the void 
content; controllability of the fiber volume fraction; superior predictability 
of weight and mechanical properties of formed PMC; and alleviation of 
health and safety concerns, as contact with liquid resin was minimized 
and volatile components of the used resin did not become airborne, being 
confined by the vacuum bag. 

The Tripartite class of 605-ton MCMVs, built in France in 1980s, signified 
one more prominent representative of the British design trend. The design 
used was a cooperative effort of three nations, the Netherlands, Belgium, 
and France. The navies of each country operated several ships of the class. 

The Italian Lerici class of MCMVs represented a further progression of the 
composite-inclined design toward maximization of hull manufacturability. 
The first ship of the class was built in 1982 by Intermarine SpA for the Marina 
Militare—the Italian Navy. As stated by the Intermarine—Rodriquez Cantieri 
Navali shipyard (Anon., 2014a), a significant effort was made to develop an 
innovative structural design, capable of achieving maximum benefit from 
the intrinsic properties of the GFRP composite, mainly elasticity and flexibil- 
ity, instead of reproducing a copy of traditional steel or wood ship structures. 

The main hull girder in Intermarine’s design became fundamentally a 
heavy single monocoque skin that varied from 25 to 230 mm (Greene, 
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1999) without any longitudinal or transverse reinforcement other than the 
main decks and bulkheads, whose strength and stiffness had to be achieved 
through a significant increase in skin thickness. To achieve this goal, Inter- 
marine focused its attention on the dynamic analysis of underwater explosion 
phenomena of non-contact mines, rejecting various traditional structural 
solutions and developing a new concept of hull construction. 

Intermarine implemented its concept by building a prototype hull com- 
partment, fully representative of the new minehunter’s design. The Italian 
Navy exposed this prototype to severe repetitive underwater explosions 
with excellent results. A few years later, in 1985, the Italian Navy commis- 
sioned four Lerici class minehunters. 

From then on the design and construction of GFRP minehunters has 
been Intermarine’s core business, and materials and technologies have been 
continually refined and improved, keeping Intermarine on the leading edge 
of the mine countermeasures market (Anon., 2013c, 2014a). 

The Lerici class incorporates two subclasses: the first four ships are referred 
to specifically as the first series of the Lerici class, while eight subsequent ships, 
produced to a slightly modified design, are known as the second series Lerici 
or as the Gaeta class (Anon., 2013c). 

As of today, the seven navies of Australia, Finland, Italy, Malaysia, Nige- 
ria, Thailand, and the USA have in service MCMVs designed and built by 
Intermarine (Anon., 2013c). The main reason for this is the hulls exceptional 
robustness is quite suitable for vessels used for mine warefare. Not less 
important, although all Intermarine MCMVs have the same concept of hull 
construction, their configurations (in terms of mission and propulsion sys- 
tems) are substantially different: the number of variants implemented for 
so many different navies is proof of capability of the tailoring the Lerici basic 
design to meet specific operational, logistic, and technical requirements 
(Anon., 2014a). 

In particular, the USS Osprey class—the US Navy coastal mine-hunting 
ships, replicating the Lerici design—also has a monocoque shell, with its sin- 
gle skin ranging from 76 mm thick on the topsides to 200 mm thick at the 
keel (Anon., 1993; Marsh, 2004). 

Twelve minehunter ships were built for the US Navy by Northrop Grum- 
man Ship Systems (currently Huntington Ingalls Industries—HI]) in Gulfport, 
Mississippi, and by Intermarine of Savannah, Georgia. These were commis- 
sioned in 1993-1999 and decommissioned in 2006-2007. 

On the whole, the Lerici design trend, atypical for relatively large ships, 
along with the exceptional hull robustness and damage resistance, brings 
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substantial advantages to hull manufacturing. This is due to avoidance of 
extensive framing fabrication and significant simplification of the hull assembly 
and joining procedures that normally accompany composite ship construc- 
tion. Together, these factors dramatically reduce the intensity of labor oper- 
ations and enable a great deal of automation of the hull’s construction. 

The obvious counterbalancing effect of those advantages is the hull’s 
uniquely high weight, which substantially lowers the vessel’s payload capac- 
ity, reduces the amount of ammunition carried, increases fuel consumption, 
and shortens cruising range, significantly damping down the ship’s overall 
performance. 


The Lerici class's monocoque design and exceptional hull robustness and 
damage resistance bring substantial advantages to hull manufacturing due to 
avoidance of extensive framing fabrication, hull assembly, and joining 
operations, enabling a great deal of automation of the hull’s material layup 
and processing. The obvious counterbalancing effect of those advantages is 
the hull’s uniquely high weight, which substantially lowers the vessel's 
payload capacity, reduces the amount of ammunition carried, increases the 


fuel consumption, and shortens the cruising range, significantly damping 
down the ship’s overall performance. 


In addition, the excessive skin thickness compromises the hull’s material 
processing due to encountered overheating inherent to the resin curing, 
allied with considerable technological stresses and hence a risk of premature 
delamination of PMC hull structures. 

One more major trend in full-composite ship design is a hull comprised 
of sandwiched panels of relatively thin FRP skins enclosing a light-weight 
core, typically made of either polymer foam or balsa wood. The sandwiched 
double skin hull shell is supported by bulkheads, platforms/decks, and 
sparsely set frames. Due to the sandwiched structure, it also provides heat 
insulation and absorbs noise. 

Although not new for boat-/shipbuilding, this design option was held 
back from naval applications for a while primarily due to relatively unreliable 
skin-to-core connection that tends to debonding, especially under shock 
and/or impact loading routinely intrinsic to warship operation. With pro- 
gress in the development of polymer adhesives, foams, and VIP techniques 
this hurdle diminished and use of the sandwich hull design became custom- 
ary for major naval ship applications (Anon., 2008, 2012b). 
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The sandwiched double skin of the hull shell, supported by bulkheads, platforms/ 
decks, and sparsely set frames, represents one more design option that is 
acceptable for naval application, thanks to the development of polymer 


adhesives, foams, and VIP techniques that ensure the requisite reliability of 


skin-to-core connection. Due to the sandwiched structure, it also provides 
heat insulation and absorbs noise. 


In particular, the sandwich hull design pertains to several notorious clas- 
ses of Scandinavian warships, including Sweden’s Visby class corvette and 
Landsort class MCMV (afterward upgraded and reclassified as the Koster 
class); Denmark’s Flyvefisken class patrol vessels; and Norway’s Oksoy and 
Alta classes catamaran MCMVs and Skjold class patrol boats, among others 
(Anon., 2008, 2012c, 2012d, 2014). 

The Landsort, the first of the class of seven 360-ton minehunters, was con- 
structed by the Swedish company Kockums (formerly Karlskronavarvet) for the 
Swedish Navy (Anon., 2014b). The Landsort was commissioned in 1984, fol- 
lowed by construction of the six other minehunters of the class, which were 
commissioned between 1984 and 1992. The Landsort’s hull was made of GRP 
developed by the Swedish Navy and Karlskronavarvet, which is highly durable, 
easy to repair, and fire- and shock-resistant. The Landsort proved to be a robust 
reliable vessel during her twenty-five-year service in the Swedish Navy prior 
to upgrade and reclassification to the Koster class. 

The Visby, the first of the Visby class of corvettes, one of the most illus- 
trious composite vessels of the present time, was designed by the Swedish 
Defence Materiel Administration, FMV, and built by Kockums AB. Five 
ships of this class have been completed to date, and two of those were 
commissioned in December 2009 (Anon., 2013d). 

The Visby’s hull is designed on stealth principles, with large, flat angled 
surfaces. Features that are external on conventional ships are concealed 
within the hull or under specially designed hatches. With a 640-ton dis- 
placement, Visby is not only one of the largest composite vessels so far built; 
it is also notable for having a carbon-fiber-reinforced plastic (CFRP) sand- 
wich primary structure—the carbon fiber/viny] ester skins enclosing a DIAB 
Divinycell® polyvinyl chloride (PVC) structural foam core (Anon., 2012c). 

The Visby’s builder, Kockums AB, uses stitched nonwoven multiaxials for 
the carbon skins. Both the fiber architecture and number of plies are varied 
to correspond to the strength requirements of particular sections of the hull. 
Panels of up to 60 m” are infused using the proprietary Kockums vacuum- 
assisted sandwich infusion (KVASI) system. Each ship is built in three major 
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sections. After the sections are joined, the complete structure is subjected to 
a 60 °C post cure (Black, 2003; Marsh, 2004). 

Each Visby class vessel is propelled by four gas turbines and two diesel 
engines driving water jets and can exceed 35 knots. The ships can combat 
mines, submarines, and surface vessels. While conceding that the Visby cost 
one-and-a-half times more to build than a conventional steel corvette, Kock- 
ums reasons that it has only half the weight and the construction cost differ- 
ence is recovered in lower fuel costs. Also, much less maintenance is needed 
over the ship’s life, facilitating lowered ship ownership cost over the course 
of 30 years. 

Norway’s Oksoy and Alta are two almost identical classes of 375-ton war- 
fare vessels. The differences are manifested by equipment on the aft decks, 
the number of sonars, and the length of the superstructure. Corresponding 
to these distinctions, the Oksoy class is used for minehunters, whereas the 
Altais used for minesweepers. Both Oksoy and Alta vessels are built by Kvaer- 
ner Mandal (later Umoe Mandal). The vessels are of a 55.2-m catamaran with 
an air cushion created between the twin hulls as the catamaran moves 
through the water. The first four ships of the Oksoy class were commissioned 
into the Royal Norwegian Navy in 1994 and 1995. Five Alta class ships were 
commissioned in 1996 and 1997 (Anon., 2012d). 

The Skjold class patrol boats are conceptually similar to the Oksoy/Alta 
class minehunters, but are smaller, having 273-ton displacements. All these 
air-cushioned catamaran hulls are constructed by Umoe Mandal using glass- 
polyester and glass-vinyl ester laminates over structural polymethacylimide 
(PMI) foam core. CFRP is also used for high-strength items such as beams, 
the mast, and support structures. External surfaces, extensively flat and fac- 
eted to minimize reflections, are clad in radar absorbent materials. Doors and 
hatches are flush with the surfaces and windows are flush fitted, without vis- 
ible coamings. Composites, while simplifying improvement of stealth fea- 
tures, also provide the strength and resilience to withstand wave-induced 
shock loads, when the combined gas turbine/diesel water jet propulsion 
system is propelling the craft at speeds of up to 55 knots or more. With 
her low weight and twin lift fans for surface effect operation, Skjold can lift 
some 70% of her weight out of the water and operate in shallow water 
(Marsh, 2004). 

In the conclusion of this brief survey of the existing trends in composite 
hull design it should be emphasized that, no matter the particular hull struc- 
tural arrangement, any implemented design option must provide requisite 
structural robustness and integrity of the hull for all loading exposures and 
harsh environmental impacts to facilitate proper warship operation. 
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Evidently, all the existing hull design configurations delineated above are 
sufficient for required serviceability pertaining to the whole diversity of 
operational and specific military loads, which typically comprise seaway nor- 
mal operational, special operational, and unique military loadings. Each 
design option features utilization of peculiar material compositions and 
layups, material processes, and hull assembly techniques, which together 
to a great degree affect the hull manufacturability, intensity of labor opera- 
tions, and ultimately the hull construction cost. 

The attained hull integrity is largely dependent upon the serviceability of 
joints between hull sections and other structural components, a critical attri- 
bute of a composite hull structure. Joint criticality is heightened by the 
necessity of compensating for discontinued fiber reinforcement of laminated 
structural components at the seams with less durable adhesive bonding. This 
presumes that either mere adhesive bonding or adhesive bonding combined 
with mechanical fastening or other extra measures would lower the weight 
efficiency intrinsic to the base hull structures being joined. 

In addition, a few more factors downgrade structural performance of 
joints. The most notorious adverse factors pertinent to joints within large 
composite structures include: 

* Relatively low out-of-plane mechanical properties of laminate PMCs 
¢ Diminished strength and reliability of secondary (post-cured) bonding 
* Stress concentration attributable to shape alteration at a joint’s region. 
In concert, the encountered peculiarities notably complicate provision of 
robust reliable joining of hull sections and structural components, making 
this one of the most challenging facets of composite shipbuilding, which 
greatly affects manufacturability, labor intensity, and the construction cost 
of a composite hull. For this reason, one of the principal design goals is 
to reduce the unfavorable influence of joints as much is reasonably possible. 

A number of technical measures are routinely employed to meet this 
demand. One straightforward way is minimization of the presence of joints. 
The Lerici design perfectly exemplifies this notion when contrasted to the 
first generation of composite MCMVs, which replicated the metal-like con- 
ventional design associated with massive joining operations. 

Another relevant design rationale is to position seams between hull sec- 
tions in relatively low-loaded areas of the hull or where some extra material 
plies are required anyway to locally augment a structure’s stiffness. The 
structural irregularities, such as hull-to-deck connection at the main deck 
stringer with the hull’s sheer strake, the semi-hull seam along the keel line, 
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or aseam along the hull’s bilge, well typify favorable regions for placement of 
between-sections seams. 

Another major trait relates to weight efficiency of the structure, which 
typically runs counter to hull manufacturability and construction cost. As 
accentuated above, design configuration significantly affects the hull weight- 
to-displacement ratio, which in turn alters several key performance parameters 
ofa warship, including her payload and capacity for accommodation of arma- 
ment and other equipment, as well as speed and cruising range. 

Table 1.1 sums up dimensional and displacement characteristics pertain- 
ing to MCMV hulls of all four existing major design trends along with rel- 
evant hull weight-to-displacement ratios that illustrate this relationship well. 

Certainly, the two major performance characteristics—weight efficiency 
of the hull structure and its manufacturability—should be properly balanced 
with the imposed design, operational, manufacturing, and cost constraints. 
For this reason, a trade-off study is exercised at the early design stage in order 
to select the design-material-technology option that is the best match for 
manufacturability requirements for hull construction at the assigned ship- 
building facility, construction cost, and serviceability of the particular pro- 
jected vessel. 


1.4 ADVANCED DESIGN-TECHNOLOGY CONCEPTS 


Along with the given assortment of fulfilled hull designs, at least one more 
distinct material-design-technology concept deserves introduction. This 
concept features structural implication of syntactic foam into PMC layups 
of major hull components. The main reason for its technical merit is the con- 
siderable increase in weight efficiency of such a hull pertaining to relatively 
large composite vessels. 

The concept had been explored under a FSU target R&D program, per- 
formed in the 1980s, being specifically destined for full-composite combat 
ships with displacement ranging from 600 to 1500 tons. The principal goal 
of the endeavor was to attain the level of weight efficiency of a composite 
hull close to that of the first-generation composite MCMVs, while enabling 
substantial reduction of labor intensity by truncating the joining operations. 

All significant aspects of composite ship structure engineering were 
addressed by exercising a systematic approach with regard to the inseparable 
triad comprising hull structural arrangement, material composition, and 


Table 1.1 Principal hull characteristics of full-composite MCMVs 


Class Zhenya* Yevgenia” Wilton — Hunt Lerici I/II° Osprey‘ Landsort? Oksoy/Alta” 

Country FSU FSU UK UK Italy USA Sweden Norway 

Commission 1966-1969 1967-1985 1973 1980-1989 1985 1993-1999 | 1980s 1994-1997 

Full displacement, ton 320 91.3/96.7' 450 750 620/697 804 360 375 

Dimensions, m 

Length 42.9 26.1 47 60 50/52.5 57.3 47.5 55.2 

Beam 8.25 5.4 8.9 9.8 9.9 11 9.6 13.6 

Draft 2.14 1.38 2.6 2.2 2.6 3.7 2.9 2.5 

Primary hull configuration | Solid skin supported by Solid skin supported by | Unstiffened solid hull Sandwiched hull shell 
bidirectional densely set sparsely set hat frames and | shell supported by sparsely set hat 
T-shaped stiffeners stringers frames and stringers 

Hull weight/displacement! 0.28 0.21 0.27 0.36 0.50—0.60 | 0.50-0.60 | 0.3 0.30° 


*Anon. (2013e). 
Anon. (20136). 
“Anon. (2013a). 
Fanon. (2013b). 
“Anon. (2014a). 
Anon. (2013g). 
SAnon. (2014b). 
"Anon. (20124). 
"Revised Project 1258E. 


JBased on assessments reported by Kobylinsky et al. (1997) unless otherwise noted. 


*Taby et al. (2001). 
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manufacturing process. Two distinct design-technology options were spe- 
cifically addressed. One related to quasi-sandwich material layups compris- 
ing plies of fiber material alternating with layers of syntactic foam. The other 
consisted of a double-bottom hull architecture that was to enable substantial 
enhancement of longitudinal stiffness of the hull and its robustness under 
shock exposures, both being critical for naval vessel operation. 

The quasi-sandwich panels with syntactic foam possessed notably higher 
structural efficiency, particularly related to impact resistance, than that of the 
conventional hull panels, with either stiffened thin-solid skin or a light- 
weight-cored sandwich structure. Assorted quasi-sandwich layups were 
explored, targeting maximization of their structural efficiency while allevi- 
ating complexity and intensity inherent to labor operations for construction 
of the first-generation Zhenya and Yevgenia classes of MCMVs. 

Essentially, the novel (at that time) concept fused the Lerici monocoque 
approach with the sandwiched hull architecture intrinsic to the Scandinavian 
composite warships, such as the Landsort, Visby, and Oksoy/Alta classes, 
among others. Being optimized, the fiber-reinforced laminate with incor- 
porated syntactic foam allowed for attaining the weight advantage in line 
with increased structural robustness of the hull. 

The double-bottom architecture, in turn, while structurally advanta- 
geous, was somewhat intricate with respect to material processing. This 
was mainly due to the requirement to execute all molding operations from 
outside the double-bottom structure, to avoid the molding work inside a 
closed compartment for health and safety reasons. 

To overcome this hindrance, several innovative technical solutions were 
explored. One of those was an arched double-bottom structure. Figure 1.4 
delineates this option in conjunction with the quasi-sandwich material layup 
that is described here, including all engaged structural components: the hull 
shell, second bottom, stringers, and massive arch-shaped joining enclosures. 

The shown design allows for the desired increase in hull rigidity by 
means of the hull double-bottoming, along with simplification of the hull 
assembly. The arches formed of syntactic foam reinforced with plies of a 
fibrous PMC serve a triple function: to augment the hull stiffness, to reduce 
the effective span between the stringers (thereby increasing shock resistance 
of the hull), and to provide proper joining of the double-bottom with the 
base hull and with the stringers. 

An array of innovative technical solutions pertaining to the quasi- 
sandwich material layup, double-bottomed hull design, and relevant 
manufacturing procedures suitable for construction of large composite 
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Figure 1.4 Transvers section of arched double-bottom. 


vessels was explored. A few nonclassified inventions (Englin et al., 1980; 
Frolov et al., 1980; Frolov et al., 1995; Shkolnikov et al., 1979; Shkolnikov 
et al., 1980a, 1980b; Shkolnikov et al., 1982; Shkolnikov et al., 1984; Smir- 
nova et al., 1980) represent the relevant technical solutions for utilizing 
quasi-sandwich panels and/or double-bottomed hull structures that feature 
the suggested design options. 

Structural superiority of the imparted technical concepts over the exist- 
ing standards was experimentally verified by implementing an extensive test 
program comprised of dynamic, static short-term, and fatigue long-term 
testing to failure of full-scale structural components and double-bottom pro- 
totype compartments. A set of design guidelines was developed to support 
anticipated design efforts aimed at the construction of prospective composite 
naval vessels utilizing the introduced novel concept. Some of those guide- 
lines are in effect now (e.g., see references OST 5.1001-80 and RD 5.1186- 
90). 

Project 12660—Rubin/ Gorya class MCMV, that is, the 1150-ton, 67.8- 
m-long seagoing minesweeper constructed of low-alloy low-magnetic steel 
(Skorokhod, 2003) was used as a prototype of the targeted new generation of 
large composite vessels. 

Due to the known political and economic changes in Russia in the 1980s — 
2000s, the Russian naval forces were downsized several times following 
the collapse of the FSU. As acknowledged by Barabanov (2004), the 
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development of minesweepers for the Russian Navy practically ceased after 
1991. Only a few minesweepers, designed in the 1970s — 1980s and laid 
down before the Soviet Union collapsed, have been constructed. 

Disappointing for developers and operators, a composite version of the 
Rubin/Gorya MCMV class has never been fulfilled. Nevertheless, many 
advantageous technical solutions accompanying the implemented R&Ds, 
partially reflected in inventions (Frolov et al., 1980; Frolov et al., 1995; 
Shkolnikov et al., 1980a, 1980b; Shkolnikov et al., 1982; Shkolnikov 
et al., 1984; Smirnova et al., 1980), have not been surpassed to date. 

It is appropriate to mention that plans to construct a large full-composite 
MCMV have recently been revived in Russia. In preparation for that, Rus- 
sian shipbuilders have successfully molded a quite large full-composite hull 
suitable for mine countermeasures and patrol vessels (Nekhai, 2011). This is 
a 70-m-long, 8-m-high hull for a ship of a nearly 1000-ton displacement. A 
combination of woven glass and carbon cloth has been processed employing 
a computer-controlled VIP. The hull was formed as a monocoque shell to be 
outfitted with decks and bulkheads assemblies. This effort is being performed 
by the Sredne-Nevsky shipyard, where the new Project 12700, the Aleksandrit 
harbor class 800-ton minesweeper, designed by the Almaz Central Design 
Bureau, is being constructed for the Russian Navy (Anon., 2013h). Report- 
edly, it will be a state-of-the-art full-composite ship with characteristics that 
exceed those of the existing ships of the class. The first ship of the Aleksandrit 
series was laid down on September 22, 2011. Her hull was completed on 
December 29, 2012 (Anon., 20131) and her launch initially planned for 
the mid 2013 is currently rescheduled for June 2014 (Karpenko, 2014). 

It should be noted that along with utilization of the advantageous VIP 
technique to mold the Aleksandrit’s hull, its structural arrangement essentially 
replicates that of the first-generation Soviet composite MCMVs built in the 
1960s — 1970s despite all the progress made in composite shipbuilding over the 
last five decades. As can be seen in photographs, available in Anon., 2011, 
T-shaped transverse frames and other stiffeners are used as the primary rein- 
forcement of the hull shell. Among probable prime reasons for staying with 
this traditional design is the necessity to utilize the secondary bonding for cou- 
pling of the hull shell with the stiffeners. If this is the case, T-shaped stiffeners 
do represent a preferable choice, regardless of the general advantages of the 
hat-shaped stiffeners in terms of weight efficiency, lower labor intensity of 
both molding and hull assembly operations, and reduced overall construction 
cost, as they are molded simultaneously with the hull shell. 


24 Hybrid Ship Hulls 


REFERENCES 


Aleshin, M.V., Bulkin, V.A., Gavrilov, V.G., Kozlov, C.V., Ryabkin, V.C., Fedonyuk, N.N., 
2011. Composite Superstructure of Seagoing Ship. Patent 2318694, Russia (HafcTpoiixa 
u3 Nonumepxoro Komno3uunouxoro Matepuana Mopcxoro Cygua). 

Anon., 1993. USS Osprey (MHC-51) Minehunter. Available from www.militaryfactory. 
com/ships/detail.asp?ship_id=USS-Osprey-MHC51. 

Anon., 2008. Landsort Class Mine Countermeasures Vessel, Sweden, Naval Technology. 
Available from _ http://web.archive.org/web/2008040521 1435/http://www.naval- 
technology.com/project_printable.asp?ProjectID=1516. 

Anon., 2011. Aft View of Alexandrite MCMV Project 12700. FlotProm, September 28 
(Bug B kopmy Kopa6nA MMO "Anexcangput" npoexta 12700). Available from 
http://flotprom.ru/media/photo/index.php?PAGE_NAME=detail&SECTION_ 
ID=3759&ELEMENT_ID=92349. 

Anon., 2012a. Sandown Class, United Kingdom, Naval Technology. Available from http:// 
www.naval-technology.com/projects/sandown/. 

Anon., 2012b. Landsort/Koster Class Minehunter, Sweden, Naval Technology. Available 
from http://www.naval-technology.com/projects/landsort/. 

Anon., 2012c. Visby Class, Sweden. Available from http://www.-naval-technology.com/ 
projects/visby/. 

Anon., 2012d. Oksoy and Alta Class, Norway. Available from www.naval-technology.com/ 
projects/oksoy/. 

Anon., 2013c. Mine Countermeasure Vessels, Intermarine SpA. Available from http://www. 
intermarine.it/en/products/defence/memy. 

Anon., 2013a. HMS Wilton (M1116), Wikipedia. Available from http://en.wikipedia.org/ 
wiki/Wilton_class_minesweeper/minehunter. 

Anon., 2013b. Hunt-Class mine countermeasures vessel, Wikipedia. Available from http:// 
en. wikipedia.org/wiki/Hunt-class_mine_countermeasures_vessel. 

Anon., 2013d. Visby-Class Corvette, Wikipedia. Available from http://en.wikipedia.org/ 
wiki/Visby-class_corvette. 

Anon., 2013e. Zhenya Class Minesweeper, Wikipedia. Available from http://en.wikipedia. 
org/wiki/Zhenya_class_minesweeper. 

Anon., 2013f. Yevgenya Class Minesweeper, Wikipedia. Available from http://en. wikipedia. 
org/wiki/Y evgenya_class_minesweeper. 

Anon., 2013g. Osprey Class Coastal Minehunter, Wikipedia. Available from http://en. 
wikipedia.org/wiki/Osprey_class_coastal_minehunter. 

Anon., 2013h. Alexandrite-Class Minesweeper, Wikipedia. Available from http://en. 
wikipedia.org/wiki/Alexandrit-class_minesweeper. 

Anon., 20131. Sredne-Nevsky Shipyard. Available from http://snsz.ru/?p=669&lang=en. 

Anon., 2014a. Lerici-Class Minehunter, Wikipedia. Available from http://en.wikipedia.org/ 
wiki/Lerici-class_minehunter. 

Anon., 2014b. Landsort Class MCMV, Wikipedia. Available from http://en.wikipedia.org/ 
wiki/Landsort_class_mine_countermeasures_vessel. 

Anon., 2014c, Flyvefisken-Class Patrol Vessel. Available from http://en.wikipedia.org/wiki/ 
Flyvefisken-class_patrol_vessel. 

Anon., n.d. MSMVs (MuHHOo-Tpambuble Kopa6sn). Available from http://sh8146.narod. 
ru/photoalbummtk.html. 

Arkhipov, A.V., Bulkin, V.A., Lazarev, A.M., Ogloblin, Y.F., 2006. Application of PMC for 
naval surface vessels (effectiveness and perspectives). Strength & Design of Surface Ships 
of PMC, Works of KSRC 27 (311), 6-22. (Npumenenue Nomumepubix 
Komno3uuyu0HHbIx Matepuanos Bp HagBoaHom Kopabsmectpoeuuu - Ocbcbex- 
THBHOCTb u MepcnexTuBbl). 


Premises of hybrid hull implementation 25 


Barabanov, M., 2004. A Survey of Russian Naval Forces: The Surface Fleet in Decline. 
World Affairs Board. Available from www.worldaffairsboard.com/showthread.php? 
s=6c6baa6b2664c7adbc1340927892a9ab&t=3630. 

Barsoum, R.G.S., 2002. Hybrid Ship Hull. Patent 6386131, USA. 

Barsoum, R.G.S., 2003. The best of both worlds: hybrid hulls use composite & steel. AMP- 
TIAC Quarterly 7 (3), 55-61, Available from http://ammtiac.alionscience.com/pdt/ 
AMPQ7_3ART08.pdf. 

Barsoum, R.G.S., 2005. Hybrid Ship Hull. Patent 6941888, USA. 

Barsoum, R.G.S., 2009. Application of hybrid hull concept to high speed high performance 
ships & craft. In: Proceedings of High Performance Marine Vehicles Symposium, ASNE, 
Linthicum, MD, November 9-10. 

Black, S., 2003. Fighting ships augment combat readiness with advanced composites. High- 
Performance Composites 30-33, September. 

Bonanni, D.L., Telegadas, H.K., Caiazzo, A.A., 2004. Testing and analysis of hat-stiffened 
panel details for navy composite applications. In: The 49th International SAMPE Sym- 
posium and Exhibition, CD-ROM Edition, Covina, California. 

Chalmers, D.W., Osborn, R.J., Bunney, A., 1984. Hull construction of MCMVs in the 
United Kingdom. In: Proc. of Int. Symp. Mine Warfare Vessels and Systems, London, 
UK. 

Critchfield, M.O., Morgan, S.L., Potter, P.C., 1991. GRP deckhouse development for naval 
ships. In: Advances in Marine Structures. Elsevier, London, pp. 372-391. 

Critchfield, M.O., Kuo, C.T., Nguyen, L.B., 2003. Hybrid Hull Construction for Marine 
Vessels. Patent 6505571 B1, USA. 

Englin, R.K., Shkolnikov, V.M., Frolov, S.E., Smirnova, M.K., 1980. Method of Joining of 
Hull Structural Members of GFRP Ships. AC#762322, USSR (Cnoco6 Coequnennua 
Kopnycubix Qnemeutos CtexsonsacTukoBbix Cyfos). 

Frolov, S.E., Shkolnikov, V.M., Englin, R.K., Smirnova, M.K., 1980. GFRP Panel of Ship 
Hull. AC#778067, USSR (Nepexpbitue Kopnyca Cygua u3 Ctexnonmactuka). 

Frolov, S.E., Shkolnikov, V.M., Smirnova, M.K., Englin, R.K., 1984. Method of Construc- 
tion of GFRP Ship. AC#1064581, USSR (Cnoco6 Noctpoiixu Kopnyca Cygua u3 
Crexnonmactuka). 

Frolov, S.E., Shkolnikov, V.M., Timofeev, B.R., Yarcev, B.A., 1995. Method of 
Manufacturing of Multi-layer Composite Structures. Patent 2050284, Russia (Cnoco6 
Vsrotopnenna MuorocnoiiHbix KOMNO3HUMOHHbIX KOHCTpyKUnit). 

Greene, E., 1999. Marine Composites, second ed. Eric Greene Associates, Inc., Annapolis, 
Maryland, 377pp. Available from http://ericgreeneassociates.com/images/ MARINE _ 
COMPOSITES. pdf. 

Hackett, J.P., 2011. Composites road to the fleet — a collaborative success story. Special 
Report 306: Naval Engineering in the 21st Century. The Science and Technology 
Foundation for Future Naval Fleets, Northrop Grumman Shipbuilding — Gulf Coast, 
36pp. Available from http://onlinepubs.trb.org/onlinepubs/nec/61810Hackett.pdf. 

Horsmon Jr., A.W., 2001. Lightweight composites for heavy-duty solutions. Marine Tech- 
nology 38 (2), 112-115. 

Kacznelson, L.I., Aleshin, M.V., Bulkin, V.A., Zhegina, V.V., Gorev, Y.N., Sobolevsky, A. 
A., Samarin, V.S., 2009. Radio-transparent Part of Metal Hull. Patent 2371348, Russia 
(Kouctpyxuua Pagvonpo3spaunon Uactu Metanunuueckoro Kopnyca). 

Kobylinsky, A.V., Paliy, O.M., Spiro, V.E., Fedonyuk, N.N., Fisay, G.V., Frolov, S.E., 
1997. Experience and perspectives of polymer matrix composites application for naval 
surface vessels. In: Proc. of the Second International Conference and Exhibition on 
Marine Intellectual Technologies (MORINTECH-97), 4, Intellectual Technologies 
in Applied Research, Russia, SPb, pp. A3.17.1-A3.17.10 (OnbIT u Nepcnextusbl 


26 Hybrid Ship Hulls 


VUcnonp30BaHna Nonumepxblx Komno3uynouubix Matepuanos B HagBoqHOM 
Kopa6nectpoeunn). 

Karpenko, A.V., 2014. Base Minesweeper Project 12700 Alexandrite (Ba30BbIN TpanbLunk 
Mpoekxta 12700 “AnekcaHaput”’), Weapons of Fatherland, Domestic Weapons and 
Military Equipment, June 10. Available from http://bastion-opk.ru/12700-alexandrite/. 

Kudrin, M.A., Maslich, E.A., Shaposhnikov, V.M., 2011. Assessment of stress-strain state of 
long composite superstructures. Works of KSRC 1 (58(342)), 55-58, Russia, SPb, 
KSRC (in Russian). 

Lackey, E., Hutchcraft, E., Vaughan, J., Averill, R., 2006. Zapped electromagnetic radiation 
and polymeric composites. Composites Manufacturing. May, 7pp. 

Marsh, G., 2004. Can composites become serious seagoers? Reinforced Plastics October, 
20-24. 

Maslich, E.A., Appolonov, E.M., Kudrin, M.A., Fedonyuk, N.N., Shaposhnikov, V.M., 
2009. Expansion Joint of Ship Deckhouse Parts. Patent 2402453, Russia 
(PacuuuputembHoe Coequnenne Uactei Cygosoi Hagactpoiixn). 

Mouritz, A.P., Gellert, E., Burchill, P., Challis, K., 2001. Review of advanced composite 
structures for naval ships and submarines. Composite Structures 53, 21-42. 

Nekhai, O., 2011. Innovations in Russian shipbuilding. Moscow Time, August 19. Available 
from http://english.ruvr.ru/2011/08/19/54895970.html. 

Osborne, T., 2014. An introduction to resin infusion. Reinforced Plastics, 25-29, January/ 
February. 

OST 5.1001-80, n.d. GFRP Ships, Structural Joints (Cyga Nmactmaccospble, Jletamu u 
Y31bl CoeguneHuit Kopnycubix KouctpyKunii). 

Potter, P., 2003. Surface ships put composites to work. AMPTIAC Quarterly 7 (3), 55-61, 
Available from http://ammtiac.alionscience.com/pdf/AMPQ7_3ART05.pdf. 

RD 5.1186-90, n.d. Composite Hulls and Hull Structures. Design Rules and Methods of 
Strength Analysis, USSR (Kopnyca u Kopnycuble Kouctpykuyuu 413 
Crexnonsactuxa. Mpapuna MpoextupoBanua u Metoguuecxue Yxa3anua 
no Pacyetam Mpounoctn). 

Shenoi, R.A., Wellicome, J.F. (Eds.), 2008. Composite materials in maritime structures. In: 

Cambridge Ocean Technology Series 5, vol. 2: Practical Considerations, November, 

324p. 

Shkolnikov, V.M., 2011. Structural Component for Producing Ship Hulls, Ship Hulls Con- 

taining the Same, and Method of Manufacturing the Same. Patent 8020504, USA. 

Shkolnikov, V.M., 2013. Material-Transition Structural Component for Producing of 

Hybrid Ship Hulls, Ship Hulls Containing the Same, and Method of Manufacturing 

the Same. Patent 8430046, USA. 

Shkolnikov, V.M., Englin, R.K., Frolov, S.E., Smirnova, M.K., 1979. Method of 

Manufacturing of Ship’s GFRP Double Bottom. AC#728321, USSR (Cnoco6 U3ro- 

ToBeHHA J[BouHOrO JIHa Kopnyca Cygua u3 CTexnonmactuka). 

Shkolnikov, V.M., Englin, R.K., Frolov, S.E., Smirnova, M.K., 1980a. GFRP Ship Hull 
with Double Bottom. AC#747052, USSR (Kopnyc Cygua u3 Ctexnonnactuka 
c /[povinbim J[HOm). 

Shkolnikov, V.M., Frolov, S.E., Smirnova, M.K., Englin, R.K., 1980b. Method of Joining 
of Hull Structural Members of GFRP Ships. AC#762322, USSR (Cnoco6 Coeanue- 
HMA Kopnycubix OremMeHTOB CTeKONNACTHKOBbIX CyB). 

Shkolnikov, V.M., Englin, R.K., Frolov, S.E., Smirnova, M.K., 1982. Joining of Hull Lon- 
gitudinal and Transverse Structural Members of GFRP Ship Hull. AC#904260, USSR 
(¥3en Coequnenua Mpogompybix u Monepeunbix Cas3eii Kopnyca Cygua u3 
Crexsonsmactuka). 

Shkolnikov, V.M., Englin, R.K., Frolov, S.E., Smirnova, M.K., 1984. Method of 
Manufacturing of GFRP Ship Double Bottom. AC#1067739, USSR (Cnoco6 U3ro- 
ToB1eHHA J[BouHOrO JIHa Kopnyca Cygua u3 Crexnonmactuka). 


Premises of hybrid hull implementation 27 


Shkolnikov, V.M., Dance, B.G.I., Hostetter, GJ., McNamara, D.K., Pickens, J.R., 
Turcheck Jr., S.P., 2009. Advanced hybrid joining technology-OMAE2009-79769. 
In: Proceedings of the ASME 28th International Conference on Ocean, Offshore & Arc- 
tic Engineering, OMAE2009, Honolulu, Hawaii, May 31—June 5, 8pp. 

Skorokhod, Y.V., 2003. Soviet Mine Countermeasures Vessels (1910-1990), Russia, SPb, 
KSRC, 230pp (OTevecTBeHuble MpotuBomuuuble Kopabsn (1910-1990)). Avail- 
able from http://war.kruzzz.com/files/Surface_fleet/P_ships_Skor.pdf. 

Slemmings, B., 2006. Former HMS Wilton Side Detail, flickr, July 24. Available from http:// 
www. flickr.com/photos/barryslemmings/sets/72157594209983460/detail/. 

Smirmmova, M.K., Ivanov, A.P., Sidorin, Y.S., Sokolov, B.P., 1965. Strength of Ship Hull of 
FRP (MNpounocts Ctexsonsactuka). Shipbuilding, USSR, Leningrad, 332pp. 

Smirnova, M.K., Frolov, S.E., Shkolnikov, V.M., Englin, R.K., 1980. Method of Joining of 
Crossing Structural Members of GFRP Ship Hull. AC#762321, USSR (Cnoco6 Coe- 
Auneuna MepexpeujuBatoluxcaA O1emeuToB Ha6opa Cygosoro Kopnyca u3 
Crexnonmactuka). 

Smith, C.S., 1990. Design of Marine Structures in Composite Materials. Elsevier Applied 
Science, New York, NY, 389pp. 

Taby, J., Hayning, B., Hjelmseth, A., 2001. GRP in Naval Applications, Possibilities and 
Production Aspects, RTO-MP-069(II) Norway. Available from http://ftp.rta.nato. 
int/public/PubFullText/RTO/MP/RTO-MP-069-II/MP-069(IT)-(SM1)-11.pdf. 

Vaganov, A.M., Kalmychkov, A.P., Freed, M.A., 1972. Design of Hull Structures from 
Glass-fiber Reinforced Polymers, USSR, Leningrad: Shipbuilding, 137pp. (Npoextup- 
oBaHne Kopnycubix Kouctpykuynii 43 CTexnonmactuka). 

Yangaev, M.S., 2008. Inshore Minesweeper Project 1258 “Corundum’”, Information Portal 
of Veterans of the 47 BK OVR KTOF (Peiigosblit Tpanpujux Mpoexta 1258 
«Kopyu»). Available from www.47br-ovra.com/diviziony-tralshchiki/187-divizion/ 
project-1258. 


CHAPTER 2 


Existing and Prospective 
Hybrid Hulls 


2.1 COMPOSITE SUPERSTRUCTURES OF HYBRID SURFACE 
VESSELS 


While assorted structures, such as bulkheads, deck panels, foundations, and 
water-jet housings and inlet tunnels, might be beneficially constructed of 
polymer matrix composites (PMC), superstructures appear to be the most 
appealing hull component candidate for a conventional metal surface com- 
bat vessel for replacement with PMC. Substantial weight savings, allied with 
the typically minor contribution ofa topside structure to the hull’s load bear- 
ing under global bending, significant reduction of the warship’s signature, 
and lowering of maintenance expenses are the principal factors accounting 
for the growing interest in a PMC application for warship topside structures. 

The weight reduction translates into greater speed and/or range and pay- 
load capacity as well as a generally reduced cost of operation due to lessening 
of both fuel consumption and maintenance expenses. As this pertains to top 
structures, the weight reduction also contributes to enhancement of the 
ship’s stability and seaworthiness. 

With minor alteration of a structural PMC compound, PMC panels are 
able to promote acoustic and thermal insulation as well as absorption of elec- 
tromagnetic radar emanations, without adding any notable weight. This 
enables a decrease in ship emissions and/or reflections that define her signa- 
ture, increasing the stealth characteristics of the vessel as a whole (Lackey 
et al., 2006). Overall, for all these reasons, PMC application for large metal 
warships is becoming routine practice, especially for superstructures. 


PMC application in large primarily metal warships is becoming routine practice 


nowadays, especially for topside structures of surface vessels and outboard 
structures of submarines. 


Development of stealth technology for shipbuilding began in the 1970s. 
The Sea Shadow ([X-529), an experimental stealth ship built in 1984 by 
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Lockheed Martin for the US Navy, represents the first prominent result of 
those initial efforts. As asserted by Chatterton and Paquette (1994), the 
Sea Shadow represents the application of several advanced ship technologies 
and ship systems available at that time. 

Morylyak (2009) emphasizes that all the means of lowering the ship’s sig- 
nature have been utilized. These encompass proper hull shaping facilitated 
with small water-plane area twin hull (SWATH) architecture; PMC appli- 
cation; and external radar absorption coating. The Sea Shadow’s look, 
uncommon for warships, was specifically selected to show how a low radar 
profile might be achieved (Nye, 2012). 

Parallel R&D efforts aimed at implementation of PMC superstructures 
with stealth capabilities have been carried out in several developed countries. 
In the FSU, the initial efforts were dedicated to development of “Krona”—a 
glass-fiber-reinforced plastic (GFRP)-based structural material with radar- 
absorption capabilities. A pilot deckhouse made of Krona was installed on 
a Yevgenia class minesweeper and underwent a trial aimed at verification 
of structural and radar-absorption capabilities in the Baltic Sea in 1979. 
All imposed requirements were validated. 

In France, analogous R&D efforts have resulted in serial construction of 
La Fayette class frigates—light 3000-ton multi-mission vessels built by 
DCNS. The La Fayette is the world’s first operational warship designed from 
the keel up for stealth and survivability. These vessels feature a modular 
design that can be readily adapted to the specific requirements of each 
client navy (Le Lan et al., 1992). Their reduced radar cross section (RCS) 
is achieved by a very clean superstructure compared to conventional designs, 
angled sides, and radar absorbent material within balsa-cored sandwich 
panels, made of GFRP based on polyester resin. Both the deckhouse and 
deck structure of the La Fayette were made of GFRP to reduce weight 
and provide better fire resistance than aluminum. The core selection arose 
from balsa’s good fire performance relative to charring, low smoke, and 
toxic byproducts, vital requirements in warship design. 

Since the La Fayette’s introduction, many modern fighting ships have 
been designed and built around the world following the same principles 
of stealth. The hulls of these are furnished, as a rule, with at least a composite 
superstructure, which is becoming a common attribute of major warships 
nowadays. 

Essentially, the whole assortment of hull design configurations pertaining 
to full-composite ships, discussed in Chapter 1, is applicable for composite 
sections and other structural components of a hybrid, primarily metal hull. 
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Nevertheless, the conventional sandwich structure cored with either light- 
weight foam or balsa wood is typically employed. The reason for this pref- 
erence relates to an attempt to minimize the number of stiffeners, thereby 
reducing the cost, while retaining rigidity of the structure for sensor fit 
requirements. A few prominent examples of composite superstructure 
implementation that made it to production, as well as some that did not, 
are briefly described below. 

Hackett (2011) details the history of bringing composite materials to US 
Navy shipbuilding and the fleet made by Northrop Grumman Shipbuilding- 
Gulf Coast (now HIl)—one of the main contributors to composite 
shipbuilding for the US Navy. One example is a success story regarding 
development of the advanced enclosed mast/sensor (AEM/S) system con- 
ceptand its facilitation for LPD 17 amphibious assault class ships. Another case 
study is the DDG 51 Flight IIA composite hangar, which, although it did not 
make it to the fleet, is of some worth in relation to a lesson learned. The com- 
posite high-speed vessel demonstrated the use of composites for the forward 
one-third of her 88-m-long hull. These large composite structure accom- 
plishments made the next step, that of a composite superstructure with 
embedded antennas and low observability, an achievable goal. The DDG- 
1000 class with a composite superstructure became the first class of large 
US Navy ships so outfitted. 

Traditional ship stick masts suffer from sensor blockage from the struc- 
ture of the mast itself, experience sensor maintenance and preservation issues 
associated with the corrosive atmosphere in which they operate, and have a 
high RCS due to the large number of components and the multitude of 
shapes present. A new generation of mast was required to overcome these 
deficiencies. 

As Hackett (2011) asserts, the composite AEM/S system addresses all of 
the shortcomings of the legacy mast by enclosing the sensors inside the mast 
structure and having a flat faceted reflective shell to reduce the RCS of the 
mast. This protects the sensors inside the mast from the harsh marine envi- 
ronment and corrosive gases of the exhaust plume, and as well as providing 
safer conditions for performing maintenance on the sensors. The make-up of 
the composite structure that encloses the radar is tuned to the frequency of 
the radar behind it, which allows only the desired frequency to enter and exit 
the composite mast shell, reflecting all other frequencies. 

The AEM/S system advanced technology demonstration (ATD) mast 
being constructed was a 26.5-m-high hexagonal structure that measured 
10.7 m across, one of the largest ship composite components ever built 
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for a ship structure. It was constructed in 1996 and installed in May 1997 
aboard the USS Arthur W. Radford (DD-968), the Spruance class destroyer 
(Hackett, 2011). The ship’s overall dimensions were: length, 172 m; beam, 
16.8 m; draft, 8.8 m; and full load displacement, 9200 ton (Anon., 2013a). 

The 40-ton structure was fabricated in two halves using SCRIMP. Con- 
ventional marine composite materials (E-glass, vinyl ester resin and balsa and 
foam cores) were utilized throughout the structure. Mechanical bolted joints 
were placed into both the middle and the base of the structure (Greene, 
1999; Mouritz et al., 2001). 

The ruggedness of the mast was proven on a couple of unplanned occa- 
sions. In February 1999, the Radford was involved in a collision with the 
Saudi Riyadh, a 29,260-ton, 200-m-long, roll-on/roll-off container ship, 
during night operations just off the coast of Norfolk, VA. Neither loss of 
life nor harm to the AEM/S system mast structure ensued, although the ship 
as a whole was severely damaged. Also, during its time aboard the Radford, 
the mast survived a nor’easter at sea, again with no damage to the mast struc- 
ture or antennas (Hackett, 2011). 

Overall, the project was deemed a complete success, having exceeded all 
of its goals. The acquired experience provided a solid base for realization of 
the following San Antonio landing platform dock (LPD-17) class program 
that required lowering the RCS signature of the amphibious ships. Hackett 
(2011) acknowledges that along with Northrop Grumman Ships Systems, the 
primary group taking part in construction of the AEM/S system—the largest 
composite material structure ever installed on US Navy ships—also partic- 
ipating in the development, design, and construction of the AEM/S system 
were representatives of several US Navy institutions, industry, and 
academia. 

The new AEM/S system mast was a large 28.3-m-high octagonal struc- 
ture, 10.7 m in diameter, constructed of a multilayer, frequency-selective 
PMC designed to allow passage of a ship’s own sensor frequencies with very 
low loss while reflecting other frequencies. 

The mast’s shape was designed to provide a smooth silhouette to reduce 
RCS. The signature and electromagnetic design requirements, being met, 
were based on criteria associated with sensor and antenna performance, elec- 
tromagnetic interference, lightning protection electromagnetic shielding, and 
electrical bonding and grounding (FAS, 2011). The AEM/S system concept 
totally modified the topside ship appearance and improved war fighting capa- 
bility through reduced RCS signature and improved sensor performance, and 
greatly reduced maintenance costs of the mast and antennas. 
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The US Navy plans to install the masts in each ship of the San Antonio 
(LPD-17) class, overall length, 208.5 m; waterline beam, 29.5 m; draft, 7 m; 
and full load displacement, 25,000 tons. Photographs posted at Anon. 
(2013b) illustrate the LPD-17 appearance with both the forward and after 
masts. Mouritz et al. (2001) demonstrate assembly of the composite 
AEM/S system mast onboard an LPD-17 at the Avondale Shipyard, part of 
HII. 

The hangar case study targeted to installation of a composite hangar 
structure onboard the DDG 51 Flight IIA class, although not used, deserves 
to be mentioned as a lesson learned. The relevant R&D program was ini- 
tiated in 1991 and was focused on an exploration of the idea that a metal 
skeleton with composite panels attached was an economical way to manu- 
facture integrated shipboard composites such as a hangar module. 

The composite panels were standard size and were adhesively attached to 
a welded steel frame. As Hackett (2011) describes, the expectation was that 
this might offer weight savings when attempting to build a large integrated 
composite structure, when compared to other materials and fabrication 
methods. 

To gauge how nonmagnetic composite panels would integrate into a 
shipyard facility, the panels were shipped to Ingalls for storage and handling. 
A two-deck-high structure, roughly 6.1 m high by 6.1 m long by 3.05 m 
wide, fashioned after a section of helicopter hangar, was fabricated, and 
the interior was outfitted with typical ship systems such as pipe and its 
hangers, light fixtures, electrical panels, etc. The outfitted hangar module 
was then subjected to blast resistance testing to determine survivability of 
the construction and outfitting techniques. 

Hackett (2011) admits that the expected weight savings did not materi- 
alize because in the hangar concept the beams (frames) were sized to carry 
the entire load, while the composite plate just kept the weather out. There- 
fore, the frames were much larger and heavier than if they and the plate were 
a single composite structure. Hackett (2011) suggests that this experience 
provided a valuable lesson. 

Despite the imposed misconception, the preceding engineering experi- 
ence with topside ship structures as a whole set the stage for the use of com- 
posites for the DDG-1000 destroyer upper-section deckhouse (topside 
structure), the largest composite structure ever built. The deckhouse was 
about 900 ton and the hangar was about 200 tons (Lundquist, 2012). The 
composite topside structures were fabricated by HII in Gulfport, Mississippi 
under the supervision of the ship’s prime contractor, General Dynamics 
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(Bath Iron Works, Bath, Maine) and then were shipped to Maine for assembly 
aboard the USS Zumwalt (DDG 1000). 

LeGault (2010) reports that the DDG-1000’s seven-level deckhouse was 
48.8 m long by 21.3 m wide by 19.8 m high. The first three levels were con- 
structed of steel, while the upper four levels, embodying the topside struc- 
ture, were made of the balsa-cored carbon fiber and vinyl ester sandwich 
panels. The composite topside structure, measuring 39.6m long by 
18.3 m wide by 12.2 m high, contained advanced radar systems and a mis- 
sion planning/control center. 

The ship also featured a composite helicopter hangar built of the same 
materials. Specifically, the deckhouse had a sandwich construction, featuring 
balsa between skins made from Toray T700 12K FOE carbon fiber and 
510A vinyl ester resin. The T700 fiber was woven into three different fabric 
patterns, a non-crimp +45° stitched material at a weight of 410 g/m’, a 
bonded unidirectional material at 680 g/ m°, anda plain-weave 0°/90° fab- 
ric at 300 g/m*. The balsa core used for the majority of the topside sandwich 
structure was selected for the best combination of mechanical properties, 
fire-containing capability, and cost value. 

The balsa was supplied in three different densities: 0.16, 0.24, and 
0.32 g/cm”; but for panels that required unusually high shear strength, a 
0.53 g/cm? syntactic foam was used as the core. This was MacroCore”®— 
a high-performance, infusion-ready material with high shear strength, fully 
isotropic. It was a high-heat resistance macrosphere syntactic product for 
demanding composite core applications, produced by Engineered Syntactic 
Systems (ESS), Attleboro, Massachusetts. Over 99 m° of MacroCore was 
used throughout the deckhouse, in all critical joint areas (Anon., 2014f). 

PMC laminate compositions cored with syntactic foam provided much 
more robustness, with far greater impact and shock resistance properties than 
those of standard light-weight core materials. 

LeGault (2010) and Lundquist (2012) emphasize that the deckhouse 
superstructure was constructed of flat VIP-treated panels as large as 
36.6 m long by 18.3 m wide. Tools are typically coated with a tooling- 
release agent prior to the lay down of the external reinforcing fabrics, balsa 
core, and interior fabrics. A woven glass cloth peel ply was also usually placed 
on the tool or external side of the panel. The cloth was peeled off after infu- 
sion and cure, providing a clean, bondable surface for secondary bonding 
and assembly. The skins, which typically comprised several different types 
of fabric, were 3.2 mm thick, while the balsa core ranged from a 50.8- to 
76.2-mm thickness depending on structural and functional requirements. 
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For example, the non-crimp, 45° stitched fabric was used in combina- 
tion with the 0°/90° plain-weave fabric in a typical wall panel to create a 
quasi-isotropic effect. The bonded unidirectional fabric was used in areas 
and structures where higher stiffness was needed in a single direction. In par- 
ticular, enlarged beams were used to support a large open area in the heli- 
copter hangar, those beams being made with the unidirectional material. 
The infused and cured panels were assembled by means of laminate step- 
downs or “scarves” that facilitate vertical-to-vertical and horizontal-to- 
horizontal bonds, with wedge blocks between vertical and horizontal panels. 
Structural putty was used to affix the wedge block between the 90° angle 
formed by the panels, and the block was wrapped in carbon fiber fabric 
and infused with resin (LeGault, 2010). 

The photographs shown by Lundquist (2012) illustrate the fabrication of 
the composite part of the Zumwwalt’s deckhouse, whereas Levy (2013) shows 
the same, integrated with the main metal hull of the destroyer. 

The principal pursued benefits were weight reduction and the ability to 
place systems in the structure during manufacturing, such as antennas, which 
could not be done with steel or aluminum. In fact, a major feature of the 
DDG-1000’s deckhouse was the antennas (or apertures) which were 
embedded directly in the structure itself. 

The deckhouse structure was also covered with radar-absorbing material. 
Altogether, with the many ways the DDG-1000 design reduced the signa- 
ture, this 14,000-plus-ton ship had the RCS of a small fishing boat 
(Lundquist, 2012). 

Although VIP-treated sandwich panels were exclusively used for the 
Zumwalt’s composite deckhouse, pultruded panels, which have the potential 
to be cheaper, had been considered in the construction of the second ship 
(LeGault, 2010). Apparently, this option might have been acceptable as it did 
not intensify the between-panel joining operations anticipated with regard 
to provision of the requisite robustness and structural reliability of the joints. 

Speaking in general, a monocoque deckhouse was also a possibility that 
would eliminate all between-panel joining associated with intense labor 
operations and substantial extra weight. For manufacture of a moderate-size 
topside construction, that appeared to be a viable and cost-efficient option. 
However, for the Zumwalt’s enormous deckhouse this notion was not a 
practical approach, at least because of the envisioned excessive cost for 
the mold needed for the monocoque construction. 

It is noteworthy that the early development of the stealth technology for 
the Soviet Navy referred to above has been recently resumed with the new 
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Russian Project 20380/20382, Steregushchy/Tigr class 2200/2250-ton full 
load displacement corvettes, with hulls measuring 104.5 m in length by 
11.0-m beam and 3.7-m draft. The Steregushchy/Tigr vessels are designed 
by the Almaz Central Marine Design Bureau and being built at two prominent 
Russian shipyards, St. Petersburg’s Severnaya Verf and Amursky Sudostroitelny 
Zavod in Komsomolsk-na-Amure, Khabarovsky Kray, Russia. The three 
first ships of the class were commissioned in November 2007, October 
2011, and May 2013 and are currently in service in the Baltic fleet of the 
Russian Navy (Anon., 2014a). 

The composite deckhouse of the Steregushchy goes from side shell to side 
shell. It comprises solid PMC panels reinforced with sparsely set cap-shape 
frames and a carling. The utilized material is a flame-retardant laminate PMC 
combining glass and carbon FRPs. The radar absorption capabilities are pro- 
vided by special additives applied to the polymer resin and coating (DIMMI, 
2011). Along with the deckhouse, the ship is furnished with PMC frame 
structures supporting the ship’s main engines (Bulkin et al., 2013). 

Similar to the Western experience, the Steregushchy’s superstructure pro- 
vides significant reduction of the ship’s radar signature, thanks to the chosen 
hull architecture and fire-resistant, radar-absorbent GFRP applied in the 
tophamper design. Utilizing PMC for the superstructure also allows for a 
substantial reduction of the top-weight, which is beneficial to several key 
performance parameters of the vessel. Novel technical solutions were widely 
used during construction of the ships, including 21 patents and 14 new com- 
puter programs (Anon., 2012a). 

The composite superstructures were manufactured at the Sredne-Nevsky 
Shipyard and shipped to a ship assembly site either by the Neva River in the 
case of the Severnaya Verf (Atalex, 2012), or by sea in the case of the Stere- 
gushchy/ Tigr class corvette built at the Amursky Sudostroitelny Zavod Shipyard 
(Bmpd, 2012). 

Methodological support for the engineering of the composite super- 
structure was provided by KSRC. The technical issues addressed are 
reflected in several published papers (Appolonov et al., 2002, 2006, 2011; 
Arkhipov et al., 2006; Bulkin et al., 2006; Fedonyuk, 2006; Kudrin et al., 
2011). These papers essentially address all major aspects of the innovative 
structural design and analysis of the composite deckhouse. 

In particular, they describe the structural contribution of the superstructure 
to the hull’s resistance to global bending; the structural efficiency of the metal- 
to-composite joint between the hull and superstructure; and the evaluation of 
fatigue performance of the metal hull with the composite superstructure. 
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Technical rationales and novel structural concepts derived from the ana- 
lytical and experimental investigations were incorporated into the design of 
the composite superstructure. The principle technical solutions utilized are re- 
flected in a series of related Russian patents, including ##2318694; 2333131; 
2371348; 2402453; and 2429155, authored by Appolonov et al. (2006, 2011). 

Bulkin et al. (2011) summarize an experience of the Steregushchy’s super- 
structure operation. The lessons learned are reflected in the revised compos- 
ite superstructure design for the second and following vessels of the class. 

The new Project 22350 class stealth frigate, inaugurated by the Admiral 
Gorshkov, was also furnished with a solid PMC deckhouse (Korablev, 
2010). The new frigates were designed by the Severnoye Design Bureau and 
constructed at the Severnaya Verf, both in St. Petersburg, Russia. The principal 
dimensions of the new frigate were length 130 m, beam 16 m, draught 4.5 m, 
and full displacement 4500 ton. The first frigate of the class was launched on 
October 29, 2010, and underwent sea trials in the Barents Sea in November 
2012. The flagship of the class was planned for commission in November 
2013, after which she was to join the 14th Anti-Submarine Warfare Brigade 
of Russia’s Northern Fleet (Anon., 2014b; Mikhailov, 2012). 

Concluding the overview of prior experience pertaining to the imple- 
mentation of the hybrid hull concept for naval surface vessels, it should 
be affirmed once again that composite structures have become a common 
attribute of the primarily metal hulls of modern warships. Composite super- 
structures represent the most popular addition to metal hulls due to the com- 
bination of physical and structural properties of PMCs that are beneficial to a 
naval application. 

Essentially, two distinct structural configurations are being used for 
composite superstructures. These are either solid shell structures reinforced 
with sparsely set hat-shaped frames or sandwich, primarily light-weight- 
cored-shell sandwich structures. Both these configurations are well known 
based on preceding design, building, and operation experience relevant to 
full-composite ships. 


Composite superstructures represent the most popular addition to metal hulls 
due to the beneficial combination of the physical and structural properties of 
PMCs for naval application. Essentially, just two distinct structural 


configurations are used for the composite superstructures, which are either 
solid shell structures, reinforced with sparsely set frames, or sandwich, 
primarily light-weight-cored shell structures. 
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The material compositions are widely varied. Typically, there is a 
thermo-set composite laminate based on either glass or carbon FRP, or a 
combination of these. The polymer foam, balsa wood, and syntactic foam 
represent typical core material options for sandwich panels and hat-shaped 
frames, all being customary constituents of sandwich structures used for full- 
composite ships. A monocoque shell structure or an assemblage of separate 
panels represent the currently employed construction options for composite 
superstructures. 

As a matter of fact, there is no definitive design-technology solution for a 
composite superstructure. Rather, the most suitable and beneficial option 
should be selected with regard to a given set of operational, functional, 
and combat requirements as well as the imposed manufacturing and/or bud- 
getary constraints based on specific techno-economic grounds. 


2.2 COMPOSITE OUTBOARD SUBMARINE STRUCTURES 


Submarine outboard light hull structures—i.e., those that play no role in 
maintaining atmospheric pressure inside the structure, normally intrinsic to 
the pressure hull—represent another major category of ship structure for 
which a PMC application is suitable and rewarding. 


Submarine outboard light hull structures represent another major category of 


ship structures for which a PMC application is suitable and rewarding. 


PMCs have been in use for outer submarine structures since the early 
1950s. The precedent was set by a fairwater top structure installed on the 
USS Halfbeak (Anon., 2013c; Greene, 2006). Later, PMCs were extensively 
used for light hulls of small submarines and deep-submergence vehicles 
(DSVs), providing significant enhancement in the capabilities of those vehi- 
cles. The outer hulls of the Soviet midget sub Project-865 Piranha/Losos class 
and DSV Project-1096 Poisk-6 vessels exemplify characteristic applications 
of PMCs for this category of naval hybrid structures. 

The Piranha class vessels, special mission midget subs, were designed by 
the submarine design bureau SPMBM Malachite and constructed at the 
Novo-Admiralty Shipyard in St. Petersburg, Russia, in the 1980s. Piranha’s dis- 
placements were just 218 tons (surfaced) and 390 tons (submerged) and her 
dimensions were 28.2 x 4.8 x 5.1m for length, beam, and draft, respec- 
tively. The operational depth of hold was 240 m and the maximum depth 
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was 300 m (Anon., 2000). Two Piranha class subs were in service in from 
1988 to 1997 (Anon., 2012b). 

The Piranha’s hull was made of a titanium alloy outfitted with GFRP 
bean-shaped side panels enclosing ballast tanks. Structurally, the GFRP 
panels replicated a conventional metal-like design with a relatively thin shell 
stiffened by transverse frames. 

Utilization of the nonmagnetic structural materials greatly reduced the 
signature and effectiveness of rival magnetic-anomaly detectors or magnetic 
limpet mines for this type of sub. More detail specification on the Piranha’s 
hull design, her structural arrangement, and her appearance can be found in 
the references (Anon., 2000, 2010). 

The deep-sea vehicles of DSV Poisk-6, Project 1906, dedicated to 
searching and exploring operations for the Soviet Navy at an ocean depth 
of up to 6000 m, were designed jointly by two submarine design bureaus, 
LMPB Rubin and CPB Volna (now SPMBM “ Malachite’) and constructed 
by the Novo-Admiralty Shipyard in 1975 to 1979 in St. Petersburg, Russia. 
In December 1979, the first and only DSV Poisk-6 vehicle was launched 
and underwent multiple sea trials on the Black Sea and Pacific Ocean, lasting 
for years, till 1987 (DIMMI, 2012). 

The AGA-7’s length, beam, and draft were 29.0 x 6.5 x 8.2 m, respec- 
tively. The vessel was equipped with an entire GFRP light hull, which 
enclosed ballast tanks filled with gasoline to provide the requisite buoyancy. 
Similarly to the Piranha class subs, the AGA-7’s light hull embodied a con- 
ventional metal-like design with a relatively thin shell, stiffened by frames. 
The appearance of the surfaced AGA-7 and her hull cut-out are available and 
may be seen in DIMMI (2012). 

An opportunity to employ PMCs for outboard structures of large subs 
was intensively pursued by both the Western world and the FSU for a long 
time, starting during the Cold War. However, practical use of composites 
for this submarine category remains insignificant, in spite of the encouraging 
results of target R&Ds, the sound design and construction experience 
attained to date, and the excellent outcome of operational performance. 

The scale of possible introduction of a composite structure into a sub’s 
light hull mainly depends on her architecture, which is distinguished by 
three distinctive configurations of the hull: single, double, and intermediate 
“one-and-a-half” constructions. 

As known, American (as well as most other western) submarines, includ- 
ing the latest active US Navy Virginia class nuclear-powered attack sub, pri- 
marily utilize single-hull architecture. This implies a presence of just a few 
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light outer structures, such as bow, stern, sail (fairing), and superstructure (if 
any), as well as various hydrodynamic control fins and propulsors. The outer 
single-hull structures typically house main ballast tanks and provide the sub 
with a streamline shape, while the main cylindrical part of the pressure hull 
beyond the light hull sections has only a sound-absorbing perforated rubber 
or anechoic plating layer. 

Contrary to Western custom, double-hull architecture is common for 
Soviet/Russian submarines. This pertains to all four generations of nuclear 
subs, distinguished by the technology implemented for their main systems: 
nuclear reactors, machinery, weapons, sonar, and electronic equipment, among 
others (Anon., 2014c; Dronov, 2002). The newest Project 935/955—Borei 
class (also known as the Dolgorukiy class after the name of the lead vessel) that 
represents the fourth generation of Russian nuclear ballistic missile submarines 
is included. 

As is common when dealing with a complex engineering system, each 
design option has certain pros and cons. Pertaining to double-hull architec- 
ture, rewarding traits relate to: 
¢ An opportunity to mount equipment outside the pressure hull, alowing 

for lessening of its dimensions and thereby reducing the sub’s material 

consumption as well as her construction and maintenance costs 

* The possibility of placing framing of the pressure hull externally, saving 
space inside the pressure hull and thus enabling its further downsizing and 
weight saving 

* Increased operational safety associated with enhanced damage stability of 
the sub’s pressure hull due to absorption of some impact energy being 
applied by her light hull, not compromising the sub’s integrity 

* Improved control of internally induced noise by the light and pressure 
hull decoupling that allows for enhancement of the stealth performance 
and/or simplifies internal layout and equipment mounting 

* An opportunity to place a sound-absorbing rubber/anechoic layer 
within the PMC structural shell of the light hull, thus increasing mount- 

ing reliability, which can be a troubling issue (Hooper, 2010). 

The negative impact of double-hulling typically relates to the sub’s 
enhanced overall dimensions and the associated increases in drag, energy 
consumption, and signature. 

It is noteworthy that Russian designers, despite the positive experience 
with double-hull operation, have undertaken a step toward partially single- 
hull architecture, i.e., the one-and-a-half hull design. Specifically, subs of Pro- 
ject 885, involving construction of Yasen/ Graney (Severodvinsk) class nuclear 
multipurpose attack submarines, which, along with Borei class vessels, embody 
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the newest, fourth generation of Russian subs, have, in addition to the light 
components normally intrinsic to the single-hull architecture, an extended 
bow section and outboard structures behind the central compartments, includ- 
ing a block with vertical launch tubes for cruise missiles. See the Yasen/ Graney 
sub’s cut-out view, illustrating her structural arrangement in Anon. (n.d.). 

While the Russians make a move toward the single-hull design, Amer- 
ican designers are considering a transition to a double-hulled option for 
future submarines, to improve their payload capacity, stealth, and range 
(Anon., 2014c). The described changeovers perfectly illustrate the notion 
of the great design variability of a complex engineering system such as a sub- 
marine, corresponding to given sets of design and operational requirements. 
Ultimately, selection is driven by viable technical solutions that satisfy the 
given requirements in the most effective and economical way. 

Essentially, any sub’s outer structure might be made of PMC regardless of 
its particular destination and dimensions, excluding the hull’s keel, a PMC 
implication which for large subs is typically impractical and/or unrewarding. 
Besides nose sonar domes, which are nearly obligatory, indubitable applica- 
tion targets include: top structures, the sail, external ballast tanks, the foun- 
dation for sonars, fins, propulsors, and the tail cone, as well as hatches for 
assorted launch tubes. 


Essentially, any sub’s outer structure may be made of PMC, regardless of its 


particular destination and dimensions, excluding the hull’s keel of a large sub, 
for which PMC application is impractical and/or unrewarding. 


As mentioned above, along with benefits similar to those of surface ships, 
a submarine PMC application enables increased sonar efficiency, avoidance 
of intricate demagnetization procedures pertinent to noncircular structures 
such as fins and hatches, and simplification of the trimming and ballasting 
operations. Together, these traits are capable of providing significant 
enhancement of a sub’s structural, stealth, and overall combat performance. 

Certainly, PMC structural components of a sub’s light hull must be suf- 
ficiently robust to withstand relevant operational exposure for an assigned 
service life. Like any hull structure, outboard submarine structures undergo 
assorted operational loading which, along with loads common for both sur- 
face ships and submarines, comprise specific submarine-related loading 
exposures primarily relevant to surfacing operations. These include: 
* Blowing of ballast tanks 
* Surfacing from under an ice field, primarily challenging for the subma- 

rine’s sail structure 
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¢ Emergency surfacing allied with a cantilever bending of the bow shell 
being filled with water. 

The iconic photo of the Birmingham (SSN-695), a Los Angeles class sub exe- 

cuting an emergency ascent demonstration during her sea trials (Anon., 

1978), perfectly illustrates this load case. 

All structural design trends with respect to the above-described surface 
vessels are applicable to outboard submarine structures as well, excluding 
those utilizing a relatively soft (polymer foam or balsa wood) core with sand- 
wiched panels and hat-shaped frames. 

In particular, an outboard light hull PMC component might consist of 
either stiffened or unstiffened structures, to which a skin laminate might 
be added, with distinct material plies to provide multi-functionality of the 
light hull. 

The assigned functions, along with customary structural and surfacing- 
provision capabilities, typically include sound-absorbing/anechoic and 
thermal insulation as well as a provision for the extra buoyancy of topside 
structures. For instance, a PMC laminate being added with an elastomeric/ 
rubber layer could be tailored to provide the requisite structural per- 
formance in combination with absorption of noise radiation caused by 
structural and waterborne vibrations. 

A composite bow sonar dome (Anon., 2014d) and a sail cusp (Anon., 
2012c), being produced by Goodrich in its Engineered Polymer Products 
(EPPs) facility in Jacksonville, Florida, for the Virginia class 115-m-long 
nuclear fast-attack submarines, exemplifies the solid unstiffened shell design. 
The dome is a 22,148-kg, 6.4-m-long, 7.9-m-diameter (at the attachment 
end) hydrodynamically shaped composite structure that houses and protects 
the sonar transducer sphere as well as composite towed array fairings, the 
high-frequency sonar chin array, and pylon fairings (Anon., 2014d; Gardiner, 
2012). A thick, single-piece rubber boot is bonded to the dome as an acoustic 
performance enhancement. Minimal sound energy absorption and reflection 
properties inherent to the rubber material enhance submarine detection capa- 
bility. The Goodrich’s bow sonar dome shown at Anon. (2014d) illustrates this 
structure ready for shipment and following installation on a Virginia class sub. 

The Goodrich composite sail cusp in turn is a single-piece composite fair- 
ing to be attached to the hull and lower leading edge of the submarine sail 
(the vertical fin on top of the hull). The complex double-curve shape of this 
lightweight structure allows for smooth laminar flow of water over its sur- 
face, thereby improving the hydrodynamic performance of the submarine 
(Anon., 2012c). 
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The original cusp was made from numerous steel components with stiff- 
eners, fitted together and welded, then filled with syntactic foam to inhibit 
corrosion and finally welded to the sail and hull structures. This method was 
material- and labor-intensive due to the sail cusp’s complex double curva- 
ture and the number of parts required to fit and attach the cusp to the hull. 
Because the steel cusp was welded in place, it was not readily removable for 
maintenance. The composite sail cusp offers a corrosion-resistant, syntactic- 
filled structure, with inner and outer composite skins bolted to the sail and 
hull. Reportedly, the cusp is 2268 kg lighter and $150,000 less expensive 
than the steel version to manufacture and provides an estimated $20,000 
in savings per periodic sail maintenance (Gardiner, 2012). 

Per Gardiner’s (2012) introduction, General Dynamics Electric Boat of 
Groton, Connecticut, is looking at what role composites can play in the 
US Navy’s upcoming replacement of the 14 aging Ohio-class ballistic missile 
submarines with 12 new 170.7-m-long, 13.1-m-diameter vessels, targeting 
2019 for lead ship construction (Anon., 2014e). Based on Virginia-class suc- 
cesses with unstiffened solid shell composite structures, these are likely to be 
important in achieving the recently announced reduced cost goal of $4.9 
billion for the Ohio-class replacement. 

The earlier Soviet experience features the stiffened panel design for a 
sub’s light hull application beyond sonar dome. This is a sort of tubbing panel 
conventional for the mining industry. A PMC tubbing panel unites the light 
hull’s solid laminate shell with its I-shape framing, allowing for elimination 
of the labor-intensive T-joining operations usually accompanying the man- 
ufacture of stiffened hull panels. 

In particular, the midget Piranha subs and the DSV Poisk-6 type referred 
to above were both furnished with light hulls made up of tubing panels. Also, 
one of the Soviet Project 627A—Kit/ November class subs, which represents 
the first generation of the Soviet nuclear-powered attack submarines built in 
between 1957 and 1963 and serving from 1958 through 1991 (Anon., 
2013d), had been equipped with such PMC tubing light hull structures. 

Two PMC superstructure panels, topping the pressure hull, and eight 
analogue side panels (four on each side of the sub), forming ballast tanks, 
were installed, replacing the conventional metal panels. Together, the 
installed PMC panels constituted the major part of the sub’s light hull. 

All the PMC panels had been outfitted with metal skirts, using a com- 
bined bonded-bolted joint, to be connected to the adjacent metal shell 
employing conventional metal-metal welding. Also, the framing of the 
PMC panels was coupled with the outer ring frames of the metal pressure 
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hull via evenly set L-shaped metallic struts bolted to the PMC frames and 
welded to the metal ones. 

Analogously to hulls of the firsts MCMVs, Zhenya and Yevgenia, the 
marine-grade GFRP composition was utilized, comprised of a polyester 
resin (PN-609-21M) reinforced with fiberglass satin fabric (T-11-GVS-9). 
Symmetric and balanced fiber layups (0°/45°/—45°) were primarily used. 

Overall, this was a successful, nearly flaw-free experience, except for 
accidental damage of one of the side PMC panels revealed during the hull 
inspection accompanying the sub’s planned docking in 1973. This was 
roughly a 0.5-m-long rupture of one of the tubbing frames, accompanied 
by buckling of the two adjacent metal struts supporting the PMC panel. 
Supposedly the acquired damage was caused by an improper mooring oper- 
ation. The GFRP shell itself did not suffer any notable damage and did not 
lose its watertightness, but rather was just slightly deflected inward due to the 
residual deformation of the buckled metal struts. The damage was promptly 
fixed and no other harm and/or failure has been reported regarding the ser- 
vice performance of the light hull PMC panels of the sub. 

It is fair to assume in this regard that maintenance of the integrity of the 
light hull shell is due to the relatively low modulus of elasticity of the utilized 
GFRP. In the same accident, a customary steel shell would probably expe- 
rience a breach and/or significant plastic deflection, threatening the safety of 
the sub’s operation. 

To address the mooring-related collisions, an innovative configuration 
of an outer composite shell was then conceptualized. Essentially this is a sort 
of fender device incorporated into the composite side panels of the light hull 
at the waterline region. 

The other PMC applications for submarine outboard structures have also 
resulted in largely positive outcomes. Mostly, these relate to multiple instal- 
lations of PMC nose sonar domes and sail structures in several classes of sub- 
marines, in both the West and the FSU. 

Accidents which occasionally occur with submarines, involving the nose 
sonar dome in particular, typically have nothing to do with the material used 
for the wrecked structure. The incident that occurred in 2005 involving the 
USS San Francisco, a Los Angeles class sub, which, while traveling in excess of 
33 knots struck an underwater mountain 360 miles south of Guam, exem- 
plifies such regrettable occasions (Anon., 2005; Mount, 2005). 

With regard to prospective potentially rewarding applications of PMCs 
for submarine outboard structures beyond sonar domes, at least three targets 
should be pursued. One is lowering the acoustic signature of double-hulled 
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subs by introducing vibration-absorbing structural connectors between 
pressure and light hulls, in addition to the conventional special coating 
and sound-absorbing layers of the composite shell. 

Another is adaptation of PMC laminate compositions combined with 
syntactic foam, which could be quasi-sandwich (discussed in Section 1.4 
with respect to surface vessels); uniform syntactic foam lump wrapped with 
plies of a laminar PMC forming the structure’s skin; or nonuniform fiber- 
reinforced syntactic foam lump. Such material compositions are especially 
suitable and beneficial for subs’ fins, hatches, sails, and superstructures; the 
primary advantage of these is the opportunity to combine high structural 
performance with provision of extra buoyancy of topside structures, favor- 
able for trimming and ballasting operations. 

One more emerging category of the use of PMCs for sub light hull com- 
ponents pertains to structural support of nose sonars, which, along with 
structural robustness, may require acoustic disconnection of the sonar from 
the hull in order to provide proper sonar effectiveness. 

All these prospective targets appear to be achievable by applying struc- 
tural PMCs, which are proven to be capable of supplying the requisite 
robustness and serviceability for long-term operation along with added qual- 
ities beneficial to combat efficiency. Overall, utilization of PMCs for out- 
board structures represents a source for significant improvement of the 
structural, stealth, and combat performance of submarines. 


Utilization of PMCs for outboard structures represents a source of significant 


improvement in the structural, stealth, and combat performance of submarines. 


The long experience of successful operations with PMC light hull struc- 
tures has convincingly validated this optimistic expectation. 
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CHAPTER 3 


Material-Transition Structures 


3.1 PREREQUISITES OF RATIONAL DESIGN 


A robust weight and cost efficient material-transition structure and a hybrid 
joint of composite and metal structural components, relevant to a hybrid 
ship hull application in particular, represents a critical attribute of the hybrid 
structural system. As ascertained earlier, a hybrid hull is capable of facilitating 
significant improvement in key performance parameters ofa primarily metal 
warship, including weight saving, increased speed and/or range, and supe- 
rior signature control. Along with functional, operational, and combat 
advantages, this is allied with a considerable cost saving in construction, 
operation, and maintenance, and hence in overall ownership of the ship. 
In order to provide these technical and cost benefits, a material-transition 
structure must satisfy a number of performance requirements, essentially 
replicating the requirements for regular mono-material structures, either 
metal or composite, and partly exceeding them. Primary requirements are: 

* provision of structural robustness sufficient to withstand a diversity of 
force and environmental exposures relevant to a ship’s normal and com- 
bat operations; 

* structural integrity with the entire structural system; 

* long-term load-bearing capability consistent with or exceeding the hull’s 
assigned length of service, ensuring structural superiority of the material- 
transition and prevention of its failure; 

* watertightness and corrosion resistance; 

* standard maintainability and reparability; 

* manufacturing cost commensurate with that of mono-material 
structures. 

Similarly to composite-to-composite joints, hybrid joints are typically allied 

with discontinued fiber reinforcement within the joint; stress concentration 

attributable to the uneven geometry of a joint structure and/or abrupt alter- 
ation of properties of utilized materials; and decreased material performance 
as a result of secondary (post-cured) bonding, if any. 
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These adverse traits substantially complicate satisfaction of the imposed 
requirements for structural joint robustness and efficiency. Also, due to the 
distinct mechanical and thermal properties of its dissimilar components, a 
hybrid joint, along with a direct operational force-ambient exposure, expe- 
riences internal thermomechanical interaction between those components. 
This may considerably alter the joint’s stress state and affect its long-term 
structural performance. It is particularly meaningful as the coefficients of 
thermal expansion of the joint’s components are substantially different. In 
this case, the stress being induced in the joint may notably deviate from 
its normal state under standard ambient conditions. 

Moreover, dissimilarity of the fatigue characteristics typically intrinsic to 
metal and composite parts may also notably affect long-term performance of 
a hybrid joint. In particular, this could result in possible migration of criti- 
cally stressed areas responsible for onset of a fatigue failure during joint 
service. 

On the other hand, an ability to pass an applied operational load from a 
weakened part to another that stays intact under this loading exposure might 
be rationally utilized by providing some extra safety margin useful in pre- 
venting a sudden failure of the joint. 

To meet the imposed requirements of structural performance and 
alleviate the influence of specific adverse traits intrinsic to a hybrid joint, 
assorted design and analysis measures may and should be employed. 


To meet the demanding requirements for structural performance and to alleviate 


the influence of specific adverse traits intrinsic to a hybrid joint, assorted design 
and analysis measures may and should be employed. 


Increasing the bonding area of the composite-metal interface and trans- 
verse strengthening thereof, e.g., via incorporation of mechanical fastening, 
are two conventional ways to combat the possible negative effects relevant to 
structural performance of hybrid joints. 

Stress/strain state analysis needs be carried out, taking into account not 
only the diverse mechanical properties of utilized dissimilar materials but also 
their thermomechanical interaction due to temperature alteration during 
hybrid structure operation. Common math models may need to be revised 
to address distinct structural behavior of the hybrids under long-term force- 
ambient operational exposure. The relevant design rationales and required 
advancement of analytical models are discussed below. 
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3.2 BENCHMARKING OF EXISTING HYBRID JOINING 
TECHNOLOGIES 


The shipbuilding industry has been dealing with design and manufacturing 
of heavy-duty hybrid joints for decades. These joints consist of either an 
assembly of hybrid hull structures, such as those presented in Chapter 2, 
or installation of metallic hardware on the composite structures of full com- 
posite vessels. A broad assortment of conceivable hybrid joining options 
have been conceptualized to date, many of which are systematically dealt 
with in Messler (2004). 

Despite the great existing multiplicity, just a few types of hybrid joints are 
suitable for and capable of satisfying the high standards to be met regarding 
joint producibility, operability, and load-bearing capability with respect to a 
ship hull’s long-term heavy-duty application. 

Primarily the methodologies involved are either ordinary bolting or 
combined bonding-bolting techniques. The conventional plain adhesive 
bond may also be considered for a ship’s application. However, because it 
is prone to sudden failure, subject to low strain-to-failure ratios, and defi- 
cient in its ability to absorb impact energy, this option has limited application 
and is primarily used for light-loaded and/or auxiliary structures. 

The existing bolted and bonded-bolted joints, on the other hand, are 
substantially more weighty, labor intense, and expensive than plain bonds, 
due to the need for arduous hole drilling and bolt-nut coupling operations. 


3.2.1 Plain Adhesive Bonding 


Plain adhesive bonding represents the simplest hybrid joining option, the 
principal processing steps of which consist of surface preparation of the 
two metal and composite adherends; placement of an adhesive between 
those adherends; and solidification of the applied adhesive to produce the 
bonding film. The type of joint involved has a long history of development 
and application for composite and hybrid structures, including auxiliary ship 
structures. 

Most of the early work on adhesive joining of composites was done in 
the 1970s and early 1980s. Since then, a number of research studies aimed at 
design advancement and improvement of material processing techniques 
have been conducted. Upgraded analytical models and numerical methods 
have been developed and widely used. 

Matthews et al. (1982) and Banea and Da Silva (2009) provide an 
extensive overview of the existing design, processing, and analytical 
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approaches for stress-strain analysis and serviceability evaluation of the 
adhesively bonded joints. A comprehensive BONDSHIP R&D project 
(Weitzenbéck and McGeorge, 2005), specifically targeted to provide a 
systematic methodological basis for implementation of adhesive bonding 
for ship structures, has been recently fulfilled by thirteen partners from 
seven European nations, including Vosper Thornycroft, United Kingdom— 
the world’s leading shipyard specializing in the construction of composite 
ships. Det Norske Veritas (DNV) coordinated the project, the principal 
goal of which was to make European shipyards more competitive by achie- 
ving considerable cost savings in the production of high-speed craft and 
passenger ships. The primary focus of the effort was on aluminum- 
aluminum/steel and aluminum-composite bonding joints of lightweight 
materials for cost-effective ship production. The guidelines (Weitzenbock 
and McGeorge, 2005) summarize the results of the BONDSHIP project 
and the steps necessary to design, build, inspect, and repair bonded joints 
in ships. 

Several factors govern structural performance of a plain adhesive bond 
undergoing assorted force-ambient operational exposures. The principal 
ones are surface preparation of the adherends, the shape of the joint 
components, the properties of utilized materials, and the bond/PMC 
processing. 

The surface preparation of the metal adherend prior to its consolidation 
with the composite typically comprises grid/sand blasting, abrasion/solvent 
cleaning, and priming. When properly executed, these procedures facilitate 
a sturdy adhesive bond between the metal and composite. 


Properly executed surface preparation of the metal adherend prior to its 


consolidation with the composite is the main factor enabling the required 
sturdiness of the adhesive bond between the metal and composite. 


This is accompanied by an increase in the surface energy of the adherends 
and formation of chemical bonds—mainly covalent (but some ionic and 
static attractive bonds may also be present)—between the adherend surface 
atoms and the compounds constituting the adhesive (Baldan, 2004). 

Three conventional configurations of adhesively bonded hybrid joints, 
single-lap, composite double-lap, and metal double-lap, embody the com- 
monly used joining options suitable for ship hull application. Figure 3.1 
delineates these three traditional design options. 
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(a) 


(b) 


(c) 


Metal Composite 


Figure 3.1 Three principal adhesively bonded hybrid joint configurations. (a) metal 
double-lap, (b) composite double-lap, and (c) single-lap. Adapted from Dance and 
Kellar (2010). 


Note that the sketches do not reflect the actual shape of the adherends. In 
reality, the latter are usually tapered to minimize material consumption and 
have geometric irregularities smoothed down, thereby reducing stress con- 
centration on the joint structure and providing a streamlined hull contour. 

As is common for a structural design, each option has certain pros and 
cons. Specifically, the metal double-lap (Figure 3.1a) is superior to others 
in structural performance with regard to transverse bending and lateral impact, 
both of which are typical for prevailing load cases inherent to ship operation. 
The relative complexity of both manufacturing procedure and assembly for 
the base metal hull represents the downside of this joint configuration. 

Manufacturability and assembly of the composite double-lap joint 
(Figure 3.1b) are both friendlier than for the metal double-lap, but it is nota- 
bly inferior with respect to load-bearing capability under transverse bending 
and lateral impact. 

The single-lap joint (Figure 3.1c), because of the substantially smaller 
bonding area and the asymmetry of the load pass, is substantially weaker than 
either double-lap option of the same size, although joint production and 
assembly are much simpler than for those options. 
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The stress distribution along the material-transition region of an adhe- 
sively bonded joint is extremely uneven with the maximum stress at the ends 
of the overlap and much lower at the middle. Volkersen’s (1938) classic dif- 
ferential solution, based on an assumption that the adhesive bonding film 
deforms only in shear but the adherends can deform in tension, largely 
reflects the typical character of stress distribution along the bond line. 

With regard to a symmetrical double-lap joint configuration, the shear 
stress within the bonding film in terms of a non-dimensional stress T,, 
referred to the averaged adhesive shear stress (F/b,), is expressed in the Volk- 
ersen math model as 


~ @( cosh(@x) é 2tp —t sinh (wx) 
Ta = ’ 
2 \sinh(@/2)  2t, + t cosh(w/2) 


0.5<x<0.5 (3.1) 


where 


t, : 
oh (1 +22) “ (3.2) 
t/ Etpt, 


Here b, is the adhesive bond extent; f, f,, and t, are thickness values of the 
inner (overlapped) and outer adherends and the adhesive film, respectively; 
E is Young’s modulus of the inner adherend; G, is the shear modulus of the 
adhesive film; and x is the relative distance from the center of the overlap 
extent. 

Figure 3.2 illustrates the generalized shear stress distribution along the 
bond line of'a metal double-lap joint and signifies the peak stress at the ends 
of the material transition region which defines the joint’s load-bearing 
capability. 

It should be realized that, while notionally correct, the Volkersen sim- 
plified solution does not reflect an actual joint design or specific loading con- 
ditions which may notably affect the stress state within a real joint. The 
actual adherend shape, an apposite alteration of material properties within 
the joint, and the formation of a shaped spew of excess of the adhesive 
squeezed out of the lap region can sizably downgrade the stress dispropor- 
tion within the joint, thereby improving its load-bearing capability. 

Extensive studies have been carried out to advance the math models to 
accurately assess the stress state of the adhesively bonded joints. The refer- 
ences given here (Goland and Reissner, 1944; Renton and Vinson, 1975; 
Allman, 1977; Adams et al., 1997; Weitzenbéck and McGeorge, 2005; Gus- 
tafson et al., 2006) represent a few of the many works dedicated to analytical 
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Figure 3.2 Shear stress distribution along the bond-line. 


characterization of the stress state within an adhesively bonded joint. This is 
done taking into consideration the joint’s actual geometry, which is among 
the most influential factors on stress distribution along the bond line and ulti- 
mately on the joint’s load-bearing capability. The results to date clearly indi- 
cate that a properly selected configuration may help to notably reduce the 
peak stress at the joint ends. Some stresses, such as transverse tension and 
interlaminar shear, causing peel and cleavage—typical failure modes for a 
hybrid joint—may and should be minimized, whereas others, such as bear- 
ing stress, may be safely maximized. 


Properly selected configuration may help to notably reduce the peak stress at the 
joint’s ends; some stresses, such as transverse tension and interlaminar shear, 


causing peel and cleavage, may and should be minimized, whereas others, 
such as bearing stress, may be safely maximized. 


Two principal material processing options for bond formation are avail- 
able. One is executed simultaneously with the processing of the non-cured 
PMC adherend and its consolidation with the metal counterpart. The other 
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involves a secondary bonding of the post-cured PMC adherend with the 
metal. The first, co-curing, is a superior option with regard to joint structural 
performance, associated with the sound integrity of heterogeneous compo- 
nents and a comparatively low scattering range of the attained strength 
parameters. The second option is usually much more assembly friendly than 
the first processing option, while being inferior with respect to joint struc- 
tural performance. 

The primary cause of this distinction is a fit-up problem between large 
metal and composite structure parts allied with different degrees of thickness 
variation of the bonding film. In the first processing option, the fit-up prob- 
lem is resolved naturally, as the non-cured PMC being processed perfectly 
matches the actual shape of the metal adherend. The secondary bonding on 
the other hand induces a considerable thickness variation of the adhesive 
film, which notably downgrades the joint’s performance. 

The influence of the adhesive film’s thickness variation manifests primar- 
ily in two ways. One is direct, as reflected in Equations (3.1)—(3.2). Another 
shows itself in the effective mechanical properties of the bond film, which 
are impaired with the increase in thickness. These adverse effects are aggra- 
vated by another detrimental trait inherent to plain bonds. It is a tendency to 
persistent propagation ofa debonding crack due to the lack of stoppers, such 
as fasteners being used for combined joints. 

Altogether, the noted peculiarities bring considerable uncertainty to 
quantification of the load-bearing capability ofa plain adhesive bond despite 
the accuracy of idealized math models being employed to characterize the 
stress distribution within the joint. This in turn requires an increase in safety 
margins, which ultimately results in lowered structural efficiency of both the 
joint itself and the entire hybrid structure. 

Ultimately, the noted adverse traits preclude the use of plain adhesively 
bonded joints (especially the secondary bonding option) for a ship’s heavy- 
duty applications in spite of the great advantages in assembly operations and 
potential weight and cost savings. 

One of the rare examples of plain adhesive bonding use for a naval hybrid 
hull structure is the GFRP deckhouse and deck structure set on the metal 
deck of the La Fayette class frigate (Le Lan et al., 1992; Greene, 1999). 

Boyd et al. (2004), who performed a study on the structural integrity of 
the adhesive composite double-lap joint based on the La Fayette application 
case, reported experimental data gained from static and fatigue testing of the 
plain adhesive joint. The joint test specimens consisted of part of a regular 
sandwich panel of the main deckhouse structure, with 4-mm-thick skins of 
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GFRP; a tapered part of the sandwich with converging GFRP skins; the 
240-mm extent of material transition—the bonding region, where GFRP 
skins overlapped the metal middle plate; and only metal plate beyond the 
material transition. 

The composition of the GFRP skins comprised vinyl ester resin (Dow 
Derakane 411-C50) reinforced with the 3 x 1 twill weave 780 g/m* E-glass 
woven roving (Chomarat 80084). The sandwich’s core consisted of 150 kg/ 
m° balsa wood (Baltek AAL600-10 Contourcore). The metal plate was 
made of the 6-mm-thick mild steel (D55). 

As reported by Boyd et al. (2004), the 100-mm-wide joint test specimens 
underwent compression loading to failure, which resulted in an ultimate 
static compression load of 108 KN, or a linear ultimate load 1080 kN/m 
of the joint extent (along the specimen’s width). 

While the reported experimental data provide valuable information on 
load-bearing capability of this type of hybrid joining under compression 
loading, the in-plane tension loading mode seems to be a critical load case 
relevant to a joint behavior during warship operation. In part, this is due to 
the in-plane tension loading being associated with the transverse tension of 
the composite overlaps and their tearing off the metal plate, which, along 
with laminar shear, cause debonding at the joint’s interface and/or delam- 
ination of the composite part thereof governing a hybrid joint’s perfor- 
mance. In contrast, the composite overlaps do not experience transverse 
tension under in-plane compression. In-plane compression induces transverse 
bearing within the material transition region, which is the most tolerable 
stress component for laminar PMCs. 

To evaluate the robustness of the plain bond under in-plane tensile loading, 
a metal double-lap hybrid joint was tested by applying a tension force capable 
of separating the joint’s components (Shkolnikov et al., 2009). The joint spec- 
imens failed under a static force of 1944+ 35 kN/m of the joint extent. The 
ultimate state of the tested joint was associated with a mixed adhesive-cohesive 
failure mode, or, in other words, a combination of a failure at the adhesive 
film-adherend interface and a failure of the adhesive film itself: This testifies 
to the necessity for properly prepared contact surfaces of the adherends prior 
to their bonding. A more detailed description of the tests performed, along 
with a summary of the experimental data, will be presented in Chapter 4. 

Wright et al. (2000) investigated the structural behavior of bonded steel- 
to-composite joints with regard to their application for auxiliary composite 
structural components in large steel ships. The reported experimental data, as 
well as the outcome of computer simulations, proved the feasibility of the 
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bonded joints and provided useful input for the application of plain adhesive 
joints to light double-skinned composite sandwich panels in steel ships. 


3.2.2 Bolted Joints 


The conventional type of fastened (bolted) joints are usually preferred for a 
heavy-duty application because of superior load-bearing capability and good 
predictability and controllability of the joint’s structural performance. 
In addition, the methodology for the determination of design parameters 
of bolted joints is very well established and minimizes possible uncertainties 
in the serviceability evaluation of the hybrid joints. 

Ordinary bolting represents the basic joining option being employed 
for the mounting of composite structural components on primarily metal 
hulls for both major categories of warships, surface vessels and submarines. 
Photographs of the bow dome and sail cusp prepared for installation on the 
metal hull of a Virginia class sub and those for mounting the metal-skirted 
composite topside structures of the Zumualt class destroyer, presented in ref- 
erences (see Anon, 2012, 2013; Lundquist, 2012; Tortorano, 2011), well 
illustrate the US Navy’s inclination to use bolted joints for heavy-duty 
applications. 

Meanwhile, the bolted joints are also far from an ideal joining option for 
a ship’s hybrid hull application. The holes drilled within a composite part to 
insert the bolts are allied with multiple cuttings of the fiber material—the 
primary load-bearing element of FRPs. This substantially impairs the com- 
posite part, not just because of interrupting fiber continuity but also by cre- 
ating multiple origins for stress concentration, which is especially significant 
for the relatively big holes required for the heavy-duty applications. To 
compensate for this, both the thickness of the composite part and the sizing 
of the bolts have to be substantially increased. As a result, the weight of 
bolted joints increases, and their structural efficiency declines. 

It should also be noted that the achievable strength ofa bolted joint under 
quasi-static loading is substantially higher than that of a plain adhesive bond; 
whereas the long-term fatigue strength related to normal ship operation 
loading of these two options is comparable. 


Although achievable ultimate strength of bolted joints under quasi-static loading 
is substantially higher than that of plain adhesive bond, the long-term fatigue 


strength related to normal ship operation loading is comparable for these two 
joining options. 
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As a matter of fact, the fatigue performance is typically the main criterion 
for selection of a preferred hybrid joint option, as a specific military-origin 
impact/shock loading is not the dominant operational load case. 

One more significant negative factor applying to bolted joints is prob- 
lematic water sealing and associated intense (crevice) corrosion of the bolts 
and adjacent metal details. This also hampers utilization of ordinary bolted 
joints for naval platforms. 

Ultimately, an application of the disproportionately heavy, bulky, and 
costly composite-metal assemblage utilizing a bolted joint may result in 
noticeable cutback of the anticipated functional advantages of PMC utiliza- 
tion for primarily metal vessels. Per Brown’s (2004) estimation, the weight 
impact of the bolted joints employed for Zumualt class destroyers was quite 
significant, at 162 kg/m of the composite-metal seam extent. 

The compromised weight benefits of the PMC application, excessive 
labor operations, related high manufacturing cost, and problematic water- 
sealing associated with mere bolting are probably primary reasons for the 
US Navy’s decision to reject the potentially advantageous composite option 
of the deckhouse structure for the Lyndon B. Johnson (DDG 1002), the third 
and last unit of the stealthy Zumuvalt class of destroyer, switching to a less 
costly steel deckhouse alternative (Cavas, 2013a,b). Conceivably, this 
changeover will notably downgrade the stealth performance of that vessel. 


3.2.3 Bonded-Bolted/Fastened Joints 


Along with plain adhesive bonding and mere bolted joints, one more basic 
joining technique is used to mount composite structures on a primarily metal 
ship hull. This is a combined bonding-fastening that implies a substantial 
load-sharing between the two principal load-bearing counterparts, adhesive 
bond and mechanical fasteners. 

Bolts embody the most common type of fasteners applicable for heavy- 
duty joints, while rivets and wood screws may alternatively be used to pro- 
vide the requisite transverse reinforcement of the joint body pertinent to 
moderately loaded structures. 

The combined joining technique can potentially greatly decrease the 
shortcomings inherent to separate applications of an ordinary joining 
method, plain adhesive bonding or mere bolting. More than that, a syner- 
getic interaction of the two can considerably increase the load-bearing capa- 
bility and structural efficiency of a combined joint. Ideally, this occurs as the 
adhesive bond bears most of the applied load so that the fasteners do not 
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experience substantial loading but rather prevent premature debonding of 
the joint by keeping the adhesive bond integral. 

Apparently, while fasteners are intact the bonding film is sound and capa- 
ble of bearing a major portion of the load. Concurrently, while the adhesive 
film is unharmed, at least some fasteners should stay load-bearing. A metal 
fastener will continue to bear its partial load even upon achieving a yielding 
state, allowing redistribution of its load share between adjacent fasteners that 
are relatively underloaded. The presence of the adhesive bond enhances this 
interaction of fasteners, leveling their stressing and increasing thereby the 
load-bearing capability of the entire joint. 

To implement such a scenario, the fasteners do not need to be as large 
and strong as those in the ordinary bolted joints, independently bearing 
the entire applied load, but rather may be relatively tiny, sufficient just to 


” 


maintain the bond’s integrity. The term “chicken rivets,” often used for 
fasteners of a combined joint, well reflects this distinct role of mechanical 
fastening within a combined bonded-fastened joint. 

Thanks to the drastic size reduction, stress concentration at the bolt holes 
significantly alleviates the need for increased thickness of the coupled adher- 
ends within material transition (the joint structure). It also favorably mani- 
fests better fatigue performance of combined joints when compared to 
ordinary bolting. 

Besides, the combined bonded-bolted joints possess watertight integrity 
and provide corrosion protection in a natural way by filling up all gaps and 
cavities with the adhesive, including areas inaccessible for inspection. 

Conjointly, the design advantages intrinsic to combined bonded-bolted 
joints facilitate increased serviceability and structural efficiency of these 
joints along with notable reduction of the weight, labor intensity, manu- 
facturing cost, and maintenance expenses when compared to bolted-only 
joints. 


Conjointly, the design advantages intrinsic to combined bonded-bolted joints 
facilitate increased serviceability and structural efficiency of these joints while 


notably reducing weight, labor intensity, manufacturing cost, and maintenance 
expenses when compared to bolted-only joints. 


The combined joints also have a long record of successful applications for 
naval structures, starting in the 1960s. This particular type of hybrid joint was 
used to mount external GFRP panels on the metal hulls of several classes of 


Material-transition structures 61 


Soviet subs, specifically: the Project 651 Juliet, the Project 627A Kit/Novem- 
ber, and the Project 865 Piranha/Losos class subs introduced in Section 2.2. 

Presumably, a conceptually similar bonded-bolted joint configuration is 
presented in a patent (Nikolaev et al., 2011) that is being utilized to mount 
composite deckhouse and hangar structures on the metal deck of the 
Steregushchy/Tigr class corvettes. Photos presented in reference Bmpd 
(2012) of the composite deckhouse of the Sovershenny, the lead ship of 
the second batch of Steregushchy class corvettes, built in Komsomolsk-on- 
Amur, testify well for the much more slender body of the material-transition 
structure of her PMC deckhouse compared to that of similar embodiments 
of the PMC topside structures of Zumualt class vessels, shown by Tortorano 
(2011) and Lundquist (2012). 

While the advantages of the combined bonding-fastening are recog- 
nized, it is not feasible to execute a routine bolted joint design and material 
processing. To provide the sought increase of structural efficiency allied with 
load-sharing between the joining counterparts (adhesive bond and mechan- 
ical fasteners) the joint body, including metal skirt and bolting, is co- 
processed with the base composite structure. 

Further, math models for determination of the stress-strain state and 
strength reconciliation of the combined joints need to be properly tweaked 
to reflect the pursued load-sharing. Otherwise, sticking with the conven- 
tional conservative design that demands that at least one load-bearing coun- 
terpart, either the adhesive bond or fasteners, is capable of bearing the entire 
applied load is the only option, thereby ensuring the joint’s structural robust- 
ness. Obviously, such structural redundancy is inconsistent with the pursued 
load-sharing and unavoidably affects structural efficiency of the hybrid joint, 
inflicting the penalties of extra weight and high construction cost, ultimately 
diminishing the benefits of the PMC application. 


Structural redundancy regarding strength reconciliation of combined bonded- 
bolted joints is inconsistent with the pursued load-sharing and unavoidably 


affects the structural efficiency of the hybrid joint, leading to penalties for 
extra weight and a high construction cost ultimately diminishing the benefits 
of the PMC application. 


It should be noted that despite the great performance superiority of the 
combined joint over ordinary joints with separate utilization of either plain 
adhesive bonding or mere bolting, it is nevertheless associated with massive 
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drilling and bolt-nut coupling, which intensify the labor operations and 
raise the cost of manufacturing when compared to those of the plain 
adhesive bond. 


3.3 ADVANTAGEOUS JOINING OPTIONS 


Due to imperfection of the existing technologies, innovative hybrid joining 
options capable of suppressing the faced deficiencies and promising superior 
structural performance along with moderated cost are being continually 
pursued. One of the recent attainments is an advanced adhesive joint being 
promoted by the US Navy ONR’s Navy Joining Center (NJC), operated by 
Edison Welding Institute (EWI) in Columbus, Ohio (Simler and Brown, 
2003). Another is Comeld, an innovative joining technology pioneered 
by The Welding Institute (TWI), Cambridge, United Kingdom (Dance and 
Kellar, 2004; Dance and Kellar, 2010; Smith, 2004). More specifically, it 
is a “Comeld-2” version of the Comeld, which is conceptualized for naval 
vessel applications by Concurrent Technologies Corporation (CTC) of Johns- 
town, Pennsylvania (Shkolnikov et al., 2009) and further developed by Bel- 
tran, Inc., Brooklyn, New York (Shkolnikov and Khodorkovsky, 2011). 


3.3.1 NJC’s Novel Adhesive Bonding Joint 


As Simler and Brown (2003) assert, the NJC’s novel hybrid joining concept 
embodied a modified conventional adhesive bonding for application in large 
composite topside ship structures. Specifically, the reported effort was to 
develop a superior and cost effective method for adhesive bonding of a com- 
posite deckhouse of the DDG 1000 class destroyer to its steel hull, sufficient 
to replace the conventional bolting technique, which met the tough service 
requirements but was excessively expensive. 

The new joint design in Simler and Brown’s (2003) description involves 
a PMC balsa-wood-cored sandwich structure that fits into a flat-bottomed 
steel shoe with slightly tapered sides in the lower part of the engagement. A 
paste adhesive is used to form the bond between the steel shoe and the out- 
side faces of the composite material. This design essentially replicates the tra- 
ditional adhesive joint referred to in the patent of Grose et al., 2004, with the 
prior art being adapted to coupling of a metal base with a sandwich PMC 
structure. 

Brown (2004) asserts that the NJC’s joint design showed that any failure 
of the joint was due to stresses occurring within the composite material itself 
and not in the adhesive joint. The design was to maintain the joint in 
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compression mode during all loading occurrences. Fatigue tests were per- 
formed to simulate a 35-year service using 1.1 million cycles of load. It 
was ascertained that the joint did not suffer any fatigue and had the same 
failure load values after the fatigue cycles as it had before the test. 

Specifically, the reported results of testing performed by EWI show 
that the newly-promoted joint design could withstand combined static 
in-plane and seaway loads of at least Fy= 1500 kKN/m at a room temperature 
of T= 23°C and Fy= 1000kN/m at the elevated temperature of 
T= 60 °C, with no internal corrosion after 60 days of hot-wet environ- 
mental exposure and 1500h of salt fog exposure. This was enough to 
win the method permanent acceptance as a DNV class joint for bonding 
composite to metal structures, according to Gardiner (2009). 

Meanwhile, it should be noted that the reported combined test 
load mode was not specified and the given results were probably irrelevant 
to the solely tensile (pulling) loading critical for structural performance of a 
butt hybrid joint. Nevertheless, if we assume that the given ultimate 
strength values pertained to in-plane tensile loading, it was nevertheless 
substantially lower than that being withstood by either merely bolted 
or combined bonded-bolted joints typically employed for heavy-duty 
naval structures. Relevant data, courtesy of the Naval Surface Warfare 
Center Carderock Division (NSWCCD), are presented in Shkolnikov and 
Khodorkovsky (2011) and reflect results of in-plane tensile testing of a 
bolted metal-double-lap hybrid joint destined for the same application— 
to mount the composite deckhouse of the DDG-1000 class destroyer. 
The given mean ultimate linear force was Fy = 5180 kN/m, i.e., 3.45 times 
that of the NJC’s novel joint. 

While inferior to the bolted joint standard in load-bearing capability, the 
NJC’s adhesive joint, like the conventional adhesively bonded joint, 
weighed much less than the bolted joint. As assessed by Brown (2004) with 
regard to the Zumuwalt’s deckhouse application, the NJC’s adhesive joint 
weighed 94 kg/m, vs. 162 kg/m relevant to the used bolted joint. Thus, 
68 kg/m weight savings might be available, as the NJC’s new adhesive joint 
possessed sufficient robustness corresponding to a naval application. Espe- 
cially concerning were high sea state operation and underwater shock expo- 
sures typical for a naval service. Each of these extreme loadings is able to 
produce significant pulling forces critical for the joint’s performance. 

The extensive machining of the metal shoe allied with considerable extra 
expenses signified another noticeable shortcoming intrinsic to the NJC’s 
joining concept. 
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Despite all the promise and concerns related to the NJC’s adhesive 
joining option, the shipyards did not buy it and the DDG 1000 composite 
deckhouse was produced using the conventional bolted joining technique. 

Despite this, the NJC’s joining technology has found a civilian appli- 
cation in the private sector. It is the Swift 141 luxury gigayacht being 
converted from a Dutch 130-m, 3,500-ton displacement S-class frigate. 
The yacht is furnished with a large, 100-m-long, 14.4-m-wide, and 
13.5-m-high composite superstructure, and the NJC’s joint was used to 
mount that superstructure to the steel deck of the Swift 141 (later renamed 
Yas) yacht—the eleventh largest yacht on the water today (Gardiner, 2009; 
Liversedge, 2011). 


3.3.2 Comeld Hybrid Joining Technology 


The innovative Comeld hybrid joining technology combines adhesive 
bonding with mechanical “pinning” of the composite by upright features 
protruding from the metal substrate (Smith, 2004). Such a bonded-pinned 
joint enables substantial increase of the load-bearing capability of the adhe- 
sive bond, considerably exceeding structural efficiency of other joining 
options available to date. 

The electron beam (EB) Surfi-Sculpt process (Buxton and Dance, 2005) 
is used to cause protrusion of the metal substrate with the desired pattern 
needed to constitute a bonded-pinned joint. Using EB, a material is pro- 
cessed to give a number of different types of surface topography as defined 
by patent (Dance and Kellar, 2010). Highly automated, easily computer- 
controlled and low labor-intensive EB can reshape materials precisely, 
“srowing”’ projections that rise from the surface of the material, just margin- 
ally affecting the manufacturing cost of an adhesively bonded hybrid joint. 

Photographs presented in references (Buxton and Dance, 2005; Dance 
and Kellar, 2010) exemplify protrusion patterns suitable for a Comeld joint 
application. 

Contrary to potentially competing technologies, such as direct metal 
deposition, Surfi-Sculpt is not an additive process and therefore does not 
require complicated powder or wire-feed delivery systems. Movement of 
the material is thought to be dependent upon both vapor pressure and 
surface tension forces. The process mechanisms are fundamentally comparable 
to keyhole welding, whereby a highly focused power beam produces a vapor 
cavity in a substrate that is translated through the work piece, according to the 
motion of the beam. Traversing the beam across the work piece creates a 
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trailing melt pool. The combination of surface tension variation along the 
weld pool and vapor pressure from the cavity causes a displacement of material 
Opposite to the beam’s direction of travel, allowing formation ofa crater at the 
end of the weld and a corresponding bump at the weld initiation point. The 
Surfi-Sculpt process employs in-vacuum EB, which can be highly focused and 
quickly deflected using computer-controlled electromagnetic coils. 

In the original Comeld configuration (Buxton and Dance, 2005; Smith, 
2004), EB-protruded metal is embraced by the composite overlaps forming a 
bonded-pinned composite double-lap joint. Experimental data presented by 
Buxton and Dance (2005) demonstrate Comeld’s capability of increasing the 
load-bearing of an adhesive bond under in-plane tension up to 72%, while 
also improving energy absorption under dynamic loading when compared 
to an outwardly similar plain bonded joint. 

While conceptually advantageous, the Comeld original configuration 
is not optimum for transverse bending, a primary load case for ship hull 
application. To overcome this discrepancy, the original Comeld was recon- 
figured to the metal double-lap joint option. This alteration was conceptu- 
alized by CTC in cooperation with TWI under an ONR MANTEC 
contract. Shkolnikov et al. (2009) report that Comeld was reconfigured 
so as to embrace the composite part by metal lap plates forming a 
bonded-pinned metal-composite assemblage that is stiffer and stronger than 
its original composite double-lap analogue. 

The result provided structural advantages with regard to all major expo- 
sures typical for a naval ship operation, including two critical load cases, 
transverse bending and direct transverse impact. In addition there was sub- 
stantial improvement of the joint’s damage resistance, with metal overlaps 
protecting the embraced composite from a direct impact. 

Figure 3.3 replicates a generalized view of the reconfigured Comeld 
structure, referred to henceforth as “Comeld-2” to distinguish it from the 
original option and avoid any related confusion. 

Both target traits of Comeld-2 being pursued—feasibility of the relevant 
manufacturing technology and noticeable superiority of Comeld-2’s load- 
bearing capability when compared to plain adhesive bonding—had been 
attained as a result of CTC’s conceptualization efforts (Shkolnikov et al., 
2009). Specifically, ultimate linear force Fy= 2850+190 kN/m under in- 
plane tension was gained regarding an initially selected not-yet-optimized 


Comeld-2 configuration, whereas the outwardly identical bonded-only joints 
used as baseline withstood the ultimate force Fy;= 1940+ 40 kN/m, corre- 
sponding to a 48% structural advantage of the novel Comeld-2 joint. 
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Figure 3.3 Modified bonded-pinned (Comeld-2) configuration. Adapted from 
Shkolnikov (2013). 


Two employed material processing techniques, Surfi-Sculpt and VIP, 
being adapted to construct a large hybrid hull structure, would allow for 
elimination of the labor-intensive hole drilling and bolt-nut coupling related 
to the state-of-the-art bolted and bonded-bolted joints. Ultimately, this 
drastically reduces hand operations and enhances repeatability and reliability 
of joint manufacturing when compared to existing bolted and bonded- 
bolted joint manufacturing. 


Two employed material processing techniques, Surfi-Sculpt and VIP, being 
adapted to construction of a large hybrid hull structure with utilization of 
Comeld-2, would allow for elimination of the labor-intensive hole drilling and 


bolt-nut coupling operations associated with state-of-the-art bolted and 
bonded-bolted joints, while providing great weight savings and superior 
structural efficiency comparative to those of existing joining options. 


Because of the promising outcome of the initial conceptualization study, 
a further development of the Comeld-2 hybrid joining concept was under- 
taken. The principal results of that endeavor are presented in Chapter 4. 
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CHAPTER 4 


Comeld-2 Development and 
Performance Evaluation 


This chapter presents results of the continued development of Comeld-2 

hybrid joining technology. In Comeld-2, assorted analytical, design, 

manufacturing trials, and mechanical-environmental testing, all ultimately 

targeted to optimization of the material-processing technology and design 

parameters were implemented. These efforts, sponsored by the ONR 

(USA), were carried out by Beltran, Inc., Brooklyn, New York, within 

the framework of a small business technology transfer (STTR) project in 

cooperation with CTC and several other companies and institutions well 

positioned at relevant industries and market domains to ensure a tight focus 

on feasible, effective, and navy-suitable technical solutions. Along with the 

ONR, CTC, and Beltran these included: 

* NSWCCD, Bethesda, Maryland, assigned to provide technical advisory 
on the investigation subject matter 

* EBTEC Corporation, Agawam, Massachusetts, a high-tech company spe- 
cializing in cutting-edge metal-treatment technologies capable of imple- 
menting the metal EB Surfi-Sculpt protrusion needed to produce 
Comeld-2 hybrid joint structures 

* Triton Systems, Inc. (TSI), Chelmsford, Massachusetts, a material science 
and engineering company with composite prototyping and manufactur- 
ing capabilities suitable for the required fabrication of full-scale compos- 
ite and hybrid test articles 

* Westmoreland Mechanical Testing & Research, Inc. (WMT&R), Youngs- 
town, Pennsylvania, a materials research and testing house, assigned to 
execute the mechanical-ambient test program 

* The US Naval Academy (USNA), Annapolis, Maryland, entrusted with 
carrying out independent comparative static and impact testing of 
Comeld-2 specimens and other hybrid joining options. 

The imparted data ensuing from the Beltran’s endeavor comprise results 

of computer simulations, selection of Comeld-2’s optimized design, 

manufacturing trials, assorted mechanical and environmental testing, and a 

cost assessment comparison to other hybrid joining options available to date. 
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4.1 INTRODUCTORY STUDY 


The primary efforts of the introductory study included: 

* Devising of math models and computer simulations of the structural 
behavior of the Comeld-2 joint undergoing assorted loading exposures 

* Alteration of the protrusion pattern based on analytical evaluation of 
Comeld-2’s structural performance 

¢ Development of a manufacturing procedure suitable for outfitting large 
hybrid structures with the Comeld-2 joint 

¢ Manufacturing trials relevant to both EB metal protrusion and Comeld-2 
processing, and fabrication of full-scale Comeld-2 test articles 

* Design and execution of a broad test program aimed at experimental 
evaluation of the joint’s structural performance under assorted force- 
ambient exposures and verification of the validity of selected math 
models 

* Compiling of experimental data and forming of a performance envelope 
sufficient to specify design allowables for the Comeld-2 joint 

* Tweaking the Comeld-2 joint “champion” configuration vested with 
the best set of service properties 

¢ Preliminary design of hybrid full-scale large-size technology demonstra- 
tion grillage panel (TDP) with incorporated Comeld-2 joint, replicating 
an extended material transition structure of a hybrid hull. 

The primary aspects of the introductory study presented in this section com- 

prise preliminary finite element (FE) computer modeling and simulations 

followed by manufacturing trials and mechanical testing. Together they 

allow for verification of the feasibility and evaluation of the structural effi- 

ciency of the newly developed hybrid joining concept. Impact resistance and 

reparability aspects of Comeld-2 within a hybrid hull were also examined in 

the introductory study and are presented in the following sections of this 

chapter. 


4.1.1 Initial Computer Simulations 


The FE modeling and simulations were carried out for in-plane tensile load- 
ing of two types of hybrid joints, a composite double-lap bonded-pinned 
Comeld-2 and an outwardly identical plain adhesively bonded joint (used 
as a baseline). The purpose of this exercise was to simulate the pulling of 
the composite middle plate out from the metal overlaps to determine 
how the protruding features were incorporated and engaged with the com- 
posite affected structural behavior of an adhesively bonded joint. 
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Two similar heterogeneous parametric FE models comprising second 
order solid elements, isotropic and orthotropic, of the joint metal and PMC 
components were built, debugged, and run, employing ANSYS FE software. 

The layout of the joint in Figure 4.1 illustrates the employed Comeld-2 
configuration with the initially selected protrusion pattern. 

A composite middle plate, with thickness t= 12.7 mm, and two metallic 
lap plates, with thickness t,= 6.4mm, were chosen to constitute each of the 
computer models. The envisaged protrusion of the metal plates from the 
Comeld-2 joint was modeled with idealized tiny upright cylindrical pins, 
the dimensions and spacing of which replicated a protrusion pattern selected 
from the array of provided options. Figure 4.2 replicates the image of the 
initially selected protrusion pattern, presented among the other protrusion 
options pertaining to the patent (Dance and Kellar, 2010). 
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Figure 4.1 Comeld-2 layout, adapted from Khodorkovsky and Shkolnikov (2010). 
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Figure 4.2 Initially selected protrusion pattern, borrowed from Dance and Kellar (2010). 


Specifically, a pin’s diameter d, = d= 1.0mm and height h=3.2mm are 
set. The pins are placed in a staggered order, and the distance between 
the pins’ adjacent rows is set to be s;=3.2mm along the joint line and 
s,= 3.8mm across that. The thickness of the bonding film is set to be in 
the range of 0<f<0.5mm. This implies the presence and relevance of 
the bonding film to two locations, at the interface of the base flat surfaces 
of the composite and metal adherends and also at the pin interface with 
the surrounding composite laminate of the bonded-pinned joint model. 

The thickness variation of the bonding film as well as a few other design 
features were brought in to evaluate their influence on Comeld-2’s struc- 
tural performance. Both adhesive spew fillet at the open ends of the 
bond-lines and backward bevels of the metal lap plates at their tip were also 
introduced as optional design features. Additionally, the mechanical prop- 
erties of the bonding film were varied to evaluate their significance in the 
joint’s performance. 

Mechanical properties of the adherend materials used for the computer 
simulation corresponded to the selected dissimilar material systems certified 
for marine/naval structural applications. For metal plates, including the pro- 
truding pins, the shipbuilding EH-36 steel alloy (ASTM A945 Grade 65), a 
commercially available analogue of the HLSA 65 alloy, was used for its 
chemical composition and mechanical properties. The middle plate was 
composed of E-Glass 24-0z, woven roving with vinyl ester resin (Derakane 
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8084). The laminate schedule consisted of plies with alternating rotations of 
0°, 45°, 90°, and —45°, evenly distributed throughout the thickness of the 
laminate. 

A linear model, free from lateral constraints, was used to reflect the 
boundary conditions intrinsic to the intended tensile testing. Due to struc- 
tural and loading symmetries, a half-joint model was utilized. 

It was presumed that any structural component of the Comeld-2 joint 
might embody the weakest link, capable of initiating stress redistribution 
over the joint body, ultimately leading to its fatal failure. In general, a vari- 
ety of distinct initial failure modes may occur prior to joint failure. These 
might be rupture or delamination of the composite middle plate beyond 
the material transition; de-bonding at the composite-metal interface; frac- 
ture of the composite plate in the area of structural discontinuity, e.g., at 
the tip of the metal overlap or near a pin insertion into the composite plate 
due to anticipated stress concentration; or metal cracking within the weld 
and/or other stress concentration areas of the metal part beyond the 
material transition. 

Due to the envisaged diversity of potential failure modes, an integral 
criterion needed to be applied to reconcile individual failure criteria related 
to dissimilar joint components with the given design and operational 
requirements. 


An integral criterion needs to be applied to reconcile individual failure criteria of 


the joint's dissimilar components against the given design and operational 
requirements. 


An integral failure index Y,,.. was introduced to satisfy this demand and 
allow for integration of non-dimensional partial failure indexes Wy, Yo, Pp, 
which each characterized the stress intensity in a structural component of 
the joint in relative terms, with respect to the ultimate strength of that com- 
ponent. Accordingly, the integral failure index V,,,,, was expressed as 


WD es = maxt Vy: Vo, Pah, (4.1) 


Here, the subscripts “M”’, “C”’, and “B” denoted the relevance of partial 
failure indexes to metal, composite, and bonding film, respectively. 

In general, a hybrid joint and its components experience evident three- 
dimensional stressing under an arbitrary loading exposure. Because of this, 
the criterion W,,,,. reflected both the three-dimensional stress state of the 
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joint components and the orthotropy of mechanical properties inherent to 
the utilized PMC. To meet this premise, two conventional failure criteria 
with the requisite capabilities were employed. These are the von Mises 
yield criterion, pertinent to the isotropic metal, and the extended Norris- 
McKinnon criterion, relevant to the nonmetal parts comprising the compos- 
ite middle plate and bonding film. 

The failure index Wy, representing the von Mises criterion in its 
non-dimensional form was expressed as 


2 2 2 
(a — 02) ol (o2 —@3) tr (a4 —43) 
Yur = (4.2) 
V20, 
where 6), 62, 63 were the principal normal stresses being induced within the 
metal parts under a unit load; and a, was the yield stress of the utilized 


metal alloy. 

The extended version of the Norris-McKinnon criterion was chosen 
because it represented a straightforward option most suitable to characterize 
the ultimate three-dimensional stress state of a laminate composite with slen- 
der orthotropy (or transverse quasi-isotropy) intrinsic to marine-grade 
PMCs typical for ship structure application. The pertinent failure indexes 
Yc, Vp were expressed as follows. 


(4.3) 


Here 64) = on are relative stress components along the axes of orthotropy 
of a PMC (k,/=1, 2,3), also pertinent to a unit load application. 
Depending upon a sign of induced normal stress oy», resulting from 


either tension or compression, different ultimate stress values were used: 


ioe (Ske), for Opp <0 -_ 
Su=4 (Sy), for oye > 0” k=1,2,3 (4.4) 


co 99 


where subscripts “c” and “f’ indicate the relevance to the compression and 
tension stressing, respectively. 

Subroutine code based on the given algorithm (4.1)—(4.4) were devised, 
debugged, and incorporated into the ANSYS FE post-processing proce- 
dure. Thanks to this upgrade, the performed computer simulation provided 
integral characterization of the ultimate stress state of the multi-component 
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hybrid joint, with visualization of the computed integral failure index Vax, 
allowing for grounded selection of the optimal joint design parameters. 
Shkolnikov et al. (2009) demonstrate a typical image ensuing from the per- 
formed FE simulation displaying distribution of the integral failure index 
V max OVeFr a joint cross section with regard to both hybrid joining options, 
the conventional plain adhesive bonding baseline and its Comeld-2 ana- 
logue reinforced with metal upright pinning. 

As anticipated, the area of the metal tip experienced intensified stressing, 
governing joint performance in both its embodiments. To overcome this 
unfavorable stress concentration, the modeled metal lap plates were tapered 
toward the composite middle plate, which noticeably lowered the stress 
level at the area of the metal tip. 

Largely, the metal plates of the bonded-pinned joint underwent con- 
siderably more intensive stressing than the bonded-only joint upon achiev- 
ing the same ultimate stress level at the metal tip area. Apparently, this 
reflected the influence of the pins’ presence, which promoted load-sharing 
between the metal and composite parts, enabling increased joint load- 
bearing capability. 

Examination of the significance of assorted design features allowed for 
some level of control of Comeld-2’s performance and for preliminary opti- 
mization of its design parameters. In particular, it was found that, for given 
grades and sizing of the metal and composite counterparts, extents 
b, = 102 mm and b,= 152 mm (per Figure 4.1 notations) in the areas of pin- 
ning and entire adhesive bonding across the joint were sufficient for effective 
metal-to-composite structural engagement. The further increase of these 
extents, while fairly useful, was not sufficiently effective and might 
be rejected. 

Overall, the performed computer simulation reported in Shkolnikov 
et al. (2009) did provide valuable qualitative and quantitative data on joint 
structural behavior helpful for understanding the service interaction of 
bonded-pinned joint components and grounding of the pursued optimiza- 
tion of Comeld-2 design. Nevertheless, despite a certain sophistication of 
the employed computer model, the computational results should not be 
considered conclusive for determination of the ultimate load-bearing capa- 
bility of a hybrid joint. The reason for this reservation lies in the multiple 
uncertainties intrinsic to a real multi-component hybrid structure which 
may noticeably affect the computed result and upset the ultimate perfor- 
mance of that structure. 
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Despite a certain sophistication of the employed computer model, the gained 
computational results should not be considered conclusive for determination 


of the ultimate load-bearing capability of a hybrid joint because of multiple 
uncertainties intrinsic to the hybrid joint structure. 


Versatility of the integrity, thickness, and mechanical properties of the 
bonding film, which cannot be dependably determined by implementing 
only computer modeling, are among the meaningful uncertainties attribu- 
tive to the large hybrid structures of interest. The preliminary fabrication tri- 
als and mechanical testing of full-scale joint articles were carried out to 
alleviate this concern and gather experimental data to support optimization 
of the Comeld-2 design. 


4.1.2 Manufacturing Trials 


To achieve this goal, the joint test articles were designed and fabricated uti- 
lizing the above-specified marine-grade materials. Two metal lap plates were 
used with the initially selected protrusion pattern (see Figure 4.2), each from 
one surface, then engaged and bonded with the composite laminate. 

The main parameters of the protruding upright pins, corresponding to 
Figure 4.1, were as follows: height h=3.0 mm; diameter d, = d,=0.5 mm; 
spans s;=3 mm along the joint and s,=5 mm across the joint. The overall 
dimensions of the test specimens, per Figure 4.1’s notations, were: 
b,=102mm; 6,=152mm; b,,=305 mm; b;=457mm; t=12.7 mm; 
t,= 6.35 mm. The metal lap plates of the physical test models were tapered 
toward the composite middle plate as for the FE models discussed above, to 
lower the stress level at the metal tip and thus increase the load-bearing capa- 
bility of the joint specimens. 

Five principal consecutive material processing steps were executed to 
produce the hybrid panels with the incorporated Comeld-2 joint. These 
steps included: 
¢ Preparation of metal plates 
* Preparation of fiber layup 
* Dry assembly of the two 
¢ VIP setup 
* Resin infusion and curing. 

Requisite quality control accompanied each processing step. 
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To clean the steel contact surface of rust and dirty marks to enable proper 
quality of the adhesive bond between composite and metal adherends, the 
metal plates underwent grit-blasting and priming prior to the resin infusion. 
Medium-size grit was used for the grit-blasting. The metal plates then 
underwent air-blowing and rinsing with methanol over the pinned surface 
to remove excess grit. Then, the pinned surfaces were lightly coated with a 
primer to promote a longer-lasting bond with temperature alteration and 
exposure to harsh environments. 

Conventional VIP, the most expedient close-mold material process for 
manufacturing of large ship structures (Osborne, 2014), was modified to 
properly accommodate the pins protruding from the metal lap plates within 
the composite middle plate. The advantages of the modified VIP over other 
possible PMC processing techniques also included: 
¢ Alleviation of the fit-up problem related to interface of the large metal 

and composite counterparts being assembled into a hybrid structure 
¢ Elimination of secondary bonding operations, reducing labor intensity 

and improving structural performance of the joint 
¢ Enhancing repeatability and reliability of the manufacturing process. 
Several preliminary manufacturing trials were carried out to tweak the 
manufacturing procedure, targeting full accommodation of the protruding 
pins within the composite laminate and corresponding tight contact 
between the composite and metal adherends, both necessary for maximum 
realization of the joint structural potential. 

Several 584-mm-long hybrid panels containing Comeld-2 joints, with 
the other dimensional parameters presented above, were produced. Upon 
VIP processing, the hybrid panels were post-cured at 82 °C for 4h and 
then cut using a water-jet cutter to form discrete 63.5-mm-wide test 
specimens, and subjected to tensile test loading to failure. Basically, the 
same VIP procedure was executed to produce hybrid panels of both the 
Comeld-2 joint and its counterpart, the outwardly identical plain adhe- 
sively bonded hybrid joint. 

As shown in Figure 4.1, the specimens had flat non-tabbed ends for 
clamping with a wedge-tightening grip. The extents of the mono- 
material parts of the composite and metal plates beyond their transition 
were b,=b;—b,,=152 mm, sufficient to facilitate both reliable gripping 
of the specimens in the testing machine and distance of the gripping 
from the material transition region to allow for leveling of the stress 
distribution. 
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4.1.3 Mechanical Testing 


To verify feasibility of the Comeld-2 concept and evaluate Comeld-2’s 
load-bearing capability relative to other existing hybrid joining options, pre- 
liminary mechanical comparative testing was carried out. As emphasized 
earlier, the Comeld-2 configuration was specifically selected to enhance 
its performance under prevailing transverse bending associated with both 
major categories of operational loading, regular repetitive and dynamic 
impact/shock loading exposures. 


The Comeld-2 configuration is specifically selected to enhance its performance 
under prevailing transverse bending associated with both major categories of 


operational loading, regular repetitive and dynamic impact/shock loading 
exposures. 


Due to this, the bend testing conventional for hull structures was not 
capable of providing representative data on the ultimate state of the 
Comeld-2 joint. For this reason, static in-plane tensile tests to failure were 
executed to signify the most critical load case for the selected metal double- 
lap hybrid joint configuration. Outwardly identical plain adhesive bonds 
without metal protrusion were also tested under the same conditions to pro- 
vide a baseline comparison. 

The Tinius Olsen Universal Test Machine with a loading capacity of 
534 kN was employed. Largely, the tests were run corresponding to require- 
ments of the ASTM D3039/D3039M standard, except for requirements 
pertinent to specimen shape and sizing. 

The joint test specimens were placed in wedge grips and monotonically 
loaded in displacement control upon separation of the metal and composite 
counterparts. The tensile load, strains, and elongation were concurrently 
recorded and the failure modes and location were noted. 

As mentioned in Chapter 3, the baseline plain-bonded joints failed under 
linear force Fy= 194435 kN/m, whereas the bonded-pinned Comeld-2 
joints failed under Fyy=2854+193 kKN/m. Thus, the initially selected 
Comeld-2 joint turned out to be 48% stronger than the baseline bonded- 
only joint with regard to static in-plane tensile loading. The variation coef- 
ficients of the test results for the bonded only and bonded-pinned joints were 
CVg=2.2% and CVp= 6.8%, respectively, that is consistent with typical 
variation of results of PMC coupons testing. 
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Outwardly, all tested specimens exhibited the same failure mode—double- 
shear of the composite plate being pulled out from the capture of the metal 
lap plates. Meanwhile, the following fractographic analysis revealed a consid- 
erable difference in failure modes of the two tested joint configurations. As 
demonstrated in Shkolnikov et al. (2009), the bonded-only joint exhibited 
mainly cohesive failure typical for a well-performed adhesive bonding. The 
failure mode of the bonded-pinned joint was mixed. Partially, within the 
pinned area, there was cohesive failure accompanied by either sheared-off 
or plastically deformed pins. However, in contrast with the plain-bonded spec- 
imens, there was predominantly adhesive failure of the bonding film beyond 
the pinned area of the composite-metal interface. This indicates relatively 
poor bond performance and hence a decreased contribution to shared load- 
bearing. 

Although the experimental data pertain to a preliminary, non-optimized 
Comeld-2 technology design option, they convincingly validate feasibility 
of the novel Comeld-2 joining concept and structural superiority therof 
compared to baseline plain adhesive bonding. The performed tests also tes- 
tify to a good match of the selected and employed FE model with the real 
hybrid joint structure and its ability to reflect specificity of service behavior 
and failure of the Comeld-2 hybrid structure. 

Along with the largely positive outcome, the results of the introductory 
study revealed certain imperfections inherent to the initially employed 
Comeld-2 processing. In particular, accommodation of the protruding pins 
within the composite laminate turned out to be incomplete. This is consid- 
ered the main cause of the relatively poor performance of both the adhesive 
bonding beyond the pinned area and the pins themselves. This observation 
is based on the fact that the plain adhesively bonded specimens, fabricated 
using the same material components and processes (excluding the protrud- 
ing pins accommodation), did manifest full involvement of the bond film in 
load bearing. Because of this experimentally revealed discrepancy, it was 
believed that a significant increase of Comeld-2’s load-bearing capability 
was attainable by enhancing pin resistance to the lateral force and increasing 
bonding film involvement in joint performance. 

Essentially, the goal was to provide a proper balance between pin robust- 
ness and penetrability into and accommodation within the composite lam- 
inate. This was the most critical and challenging aspect of Comeld-2 
technology, particularly for the tough laminate intrinsic to a marine-grade 
structural PMC. 
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Proper balance between the pin robustness and penetrability and complete 
accommodation within the composite laminate is the most critical and 


challenging aspect of the Comeld-2 technology, especially as this applies to 
the tough laminate intrinsic to a marine-grade structural PMC. 


Nevertheless, it seemed feasible to properly adjust the initially devised 
material processing, thereby reaching the pursued synergetic interaction 
of both joining components, the bonding film and pinning, to substantiate 
their full engagement and load-sharing. The obvious targets to pursue for 
realization of this exigency were properly adjusted shape and sizing of the 
protruding pins along with tweaked material processing that facilitated full 
accommodation of the pins within the composite laminate. The folowing 
development addressed the revealed imperfections of Comeld-2 technology 
design and provided proper Comeld-2 maturing. 


4.2 IMPACT RESISTANCE 


Prior to the next steps in Comeld-2 technology design advancement, 
another discrete aspect of Comeld-2’s serviceability was examined in the 
introductory study. This related to Comeld-2’s resistance to impact loading, 
one of the principal load cases of naval vessels. The relevant efforts, reported 
by Khodorkovsky et al. (2009), comprised both computer simulations and 
physical experiments run respectively for three distinct material systems, 
Comeld-2 composite-metal composition and two control mono-material 
specimens, fully composite and fully metal. 

The employed computer models embodied mono-material and hybrid 
Comeld-2 plates with fixed boundary conditions at both lateral ends. The 
width of all models was 305 mm. The thickness of the metal plates was 
6.4mm and that of the composite plates was 12.7 mm for all models. 
One-quarter symmetry for mono-material models and one-half symmetry 
for the hybrid joint model were used. 

ABAQUS/CAE software was employed to build FE models with cho- 
sen boundary conditions. The metal plates were meshed using three- 
dimensional linear reduced integration elements (C3D8R), whereas the 
composite plates were meshed with a three-dimensional reduced integra- 
tion continuum shell element (SC8R) with five-ply layers having the same 
laminate properties as the net composite. 
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Approximately medium-high strain rate material characteristics were fed into 
the FE models to reflect properties changing along with loading rate alteration. 

The impactor, confined to moving in the horizontal direction, was 
assumed to be a 50-mm-diameter hemisphere with varied mass, up to 
91 kg, allowing for the desired impact energy. Loading was produced by vir- 
tually dropping the impactor from varied heights, up to 1.83 m. 

The impactor was also modelled to properly represent its interaction 
with plates subjected to impact. It was meshed with C3D8R elements in 
the “no yield” condition. 

ABAQUS/Explicit was used to simulate the transient response to the 
impact loading. In order to predict the onset and track crack development 
in the metal plates, both damage initiation and evolution values were 
included in the simulation. 

Impact velocities of 4.88, 5.46, and 5.99 m/s were predetermined cor- 
responding to the presumed drop heights of the intended physical experi- 
ments: 1.22, 1.52, and 1.83 m. 

The 22.7-kg impactor mass at 5.46 m/s impact velocity, producing 
338 N-m impact energy, set for the metal model, caused moderate damage 
to its distal surface. The mass was then increased to 45.4 kg with the same 
velocity and the damaged area grew significantly, giving crack propagation 
beyond the acceptable accuracy for predictive behavior. 

The applied simplified computer model was deemed sufficient to iden- 
tify damage onset within a small localized region and did not allow for elim- 
ination of supposedly damaged FEs ensuing from load bearing. Due to this, 
the computed result ofa 22.7-kg drop mass was considered to be a threshold 
value for the onset of damage to the fully metal plate. 

The fully composite plate model was subjected to the same impact ofa 
22.7-kg mass at a 5.46 m/s velocity. Utilizing the Tsai-Hill failure criterion 
it was found that at least 20% of the distal (strained) surface of the composite 
plate would exceed the material’s load-bearing capability. Based on these 
findings, it was assumed that both mono-material models, the 6.4-mm-thick 
metal and the 12.7-mm-thick composite, possessed nearly equal impact 
resistance for the applied boundary and loading conditions. 

In the hybrid joint model, the interface between the metal and compos- 
ite was simulated by numerically tying together the nodes such that the dis- 
placements were linked at the boundary. This approximation assumed that 
the two surfaces were perfectly bonded and no damage could be assessed at 
the interface. However, stress conditions in the bonding material could be 
analyzed to estimate whether bond failure was an issue. 
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Under an impact mass of 22.7 kg and a slightly increased impact velocity 
of 6.0 m/s, due to the 1.83-m drop, the hybrid joint model did suffer minor 
damage. The composite strained surface consumed roughly 50% of its load- 
carrying capability in the region just outside the material transition. There- 
fore, the higher impact mass of 55.4 kg at a velocity of 6.0 m/s, producing an 
impact energy of 816 Nm, was applied. The doubled impact mass notably 
increased the damage of the composite outside the joint to nearly 90% of the 
crack threshold. However, it was still localized within the outmost fibers. 

The metal overlap plate in turn also suffered tolerable ductile damage of 
approximately 50% of the degradation threshold under the impact of the 
55.4-kg mass. Therefore, both the composite and metal counterparts that 
constituted the hybrid joint should readily survive the applied 816-Nm 
impact, which is 2.4 times the impact energy of 338 Nm sufficient to dam- 
age either 6.4-mm-thick metal or 12.7-mm composite plates. 

Due to the relatively small strained area, the damage would most likely be 
localized within the directly impacted area and perhaps at the transition edge 
of the composite, at the metal tip. Overall, the performed impact simulation 
indicated that Comeld-2 joint should survive a low velocity 816-Nm 
impact. The impactor would need to have its weight and/or its velocity 
increased to produce impact energy above the 816-Nm level to induce dam- 
age onset at the composite just outside of the metal-composite interface. 

Along with the presented computer simulation, five 305-mm-wide test 
articles replicating the computer models were fabricated and underwent 
physical impact exposure in the USNA’s testing lab (Khodorkovsky et al., 
2009). Three of those were hybrid, furnished with Comeld-2 joints, and 
two others were mono-material control specimens, one made of steel and 
another of plain composite. The same material systems as those described 
in Section 4.1 above were used. 

The Instron Dynatup 9250HV Impact Test System, suitable for a wide 
variety of applications requiring low to high impact energies, was employed 
to execute the testing. The hybrid joint test articles were clamped at the ends 
of the mono-material extension plates, leaving the other two sides unsup- 
ported. A 25.4-mm-diameter hemispheric impactor was used, about that 
chosen for the computer simulation. A constant 29.6-kg mass was applied, 
while the impact energy was varied in a range of 271 to 1190 Nm to identify 
onset failure and its development. A pneumatic brake was used for most tests 
to avoid repetitive strikes. The contact force, impact energy, and maximum 
deflection, as well as failure damage extent and location relevant to each test 
were recorded. 
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The gathered impact test data presented in Khodorkovsky et al. (2009) 
perfectly match the computed data outlined above, testifying to the superior 
performance of Comeld-2 under impact loading when compared to neigh- 
boring mono-material structures, either metal or composite. 


The data from impact tests convincingly testify to the superior performance of 


Comeld-2 under impact loading when compared to that of neighboring 
mono-material structures, either metal or PMC. 


4.3 REPARABILITY 


Reparability represents one more major concern relevant to serviceability of 
a hybrid hull structure that was addressed in the introductory study. Naval 
vessels side by side with regular operational loading are routinely subjected 
to accidental and weapon effects that may significantly exceed the loading 
exposures of regular seagoing operations. Due to this, a possibility of a dam- 
age needs be taken into design consideration along with the requisite 
strength reconciliation for probable damage modes of a hull structure, con- 
ceivable aftermath of the acquired damage, and reparability of the hybrid 


structure in-service. 


The design needs to take into consideration probable damage modes of a hull 


structure, conceivable aftermath of the acquired damage, and repairability of the 
hybrid structure while in service. 


The diversity of operational loads and potential weapon effects implies a 
wide variety of possible damage modes for a hull structure. The following 
generalize the envisaged damage modes referred to in Anon. (n.d.) which 
might threaten a ship’s survival or weaken her combat value. 

* Large holes in the underwater hull 

¢ Small holes and cracks in the underwater hull 

* Holes in the hull above waterline 

* Punctured, impaired, buckled, or distorted bulkheads 

¢ Impaired or ruptured beams, supports, or other structural members 

* Ruptured or weakened decks 

¢ Broken or distorted foundations under machinery. 

Some damage cases bring inevitable loss, whereas others might be associated 
just with minor flooding. The vast majority of cases lie between these 
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extremes. They include the extent of blast damage, fragment holes, warped 

decks and bulkheads, sprung closures, and ruptured piping, which may or 

may not be sufficient to produce slow flooding beyond the immediate dam- 
age area that sinks the ship. 

After damage, the most important factor that determining ship surviv- 
ability is the ability of her crew to halt progressive flooding by making emer- 
gency repairs, e.g., by plugging, patching, and shoring. 

The experience gathered over decades of naval operations suggests that 
after a ship is hit heavily, suffering damage that involves significant flooding, 
one of two situations usually occurs: 

* The damage is so extensive that the ship never stops listing, trimming, 
and settling in the water, and she goes down within a few minutes after 
being hit. 

* The ship stops heeling, changing trim, and settling in the water shortly 
after the initial damage. 

Moreover, experience shows that in the second case, lasting several hours 

after damage, the vessel sinking is also possible and the cause of that is directly 

traceable to progressive flooding (NAVEDTRA, 2008). 

Hence, prompt post-damage recovery in-service may become a critical 
factor for survivability and combatant capability of a warship. And to mit- 
igate the risk of extensive irreparable damage to a hull structure, proper 
design measures should be undertaken, minimizing the severity of possible 
damage and providing accessibility for repair. 

As a rule, a hybrid hull is structurally more complex than an ordinary 
mono-material hull, which may bring some extra complications to repair 
procedures in the event that a hybrid structure in its material-transition 
region has acquired considerable damage. Nevertheless, the existing repar- 
ability requirements pertaining to conventional mono-material hulls should 
not be diminished with regard to hybrids. To meet this demand, damage 
proneness of the most responsible hybrid structural components should 
be minimized, with good reparability and accessibility provided. 

At times when the Comeld-2 configuration with outer metal plates 
embracing the composite has been specifically selected to address this 
damage-prevention concern it has enhanced damage resistance to a level 
comparable with that of adjacent mono-material structures. As in the per- 
formed computer simulations and physical impact tests, a hybrid panel furn- 
ished with Comeld-2 does possess superior, roughly doubled impact 
resistance compared to that of the control mono-material test articles, either 
steel or composite. Therefore, as the ship hull underwent impact capable of 
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producing damage, threatening the ship survival, there was a much higher 
probability that this would be in a regular monotonic structure, the repair 
methods for which are well established and relatively simple. 
The conventional methods embrace all components of the repair proce- 
dure, including nondestructive evaluation of the damage, applying visual 
and available instrumented methods; common plugging techniques aimed 
at temporary shutting of holes; and either semi-permanent or permanent 
repair, allowing for restoration of the damaged structures for a certain period 
of continued service. 
In the low-probability event that the impact is so severe that the 
Comeld-2 structure also acquires considerable damage, the repair procedure 
should consist of at least the two following distinct steps. Foremost, tempo- 
rary patches/plugs available for use onboard most major warships are to be 
used, exercising conventional patching/plugging routines relevant to 
monolithic structures to reduce the confronted danger of flooding/sinking. 
Plate or shaped patches can be welded, respectively to metal region, or 
bolted/screwed in place, pertaining to either metal, heterogeneous or 
mono-composite parts of the hybrid structure. Also, other improvised 
means, such as mattresses and pillows, can be used, along with specially des- 
tined patches and plugs. 
Another step, succeeding the temporary patch-up, is implementation of 
permanent repair of the damaged hybrid structure in-service. 
Overall, the envisaged damage may comprise de-bonding of the com- 
posite from the metal; delamination of the composite laminate; fracture 
of the composite; or puncturing of the heterogeneous joint assemblage. 
Such damage may present as either a discrete impairment or a combination 
of assorted damage modes. Depending on the acquired damage and its sever- 
ity, an appropriate repair option shall be selected. All repair procedures imply 
utilization of common material processing steps, similar to those for solely 
composite structures. These include: 
¢ Evaluation of acquired damage extent 
* Removal of damaged material accompanied by stepping of the compos- 
ite layup subjected to repair 
* Cleaning and drying of contact surfaces 
* Placement of new fibrous material saturated with polymer resin to com- 
pensate for the loss 

* Fastening of the joint components being restored with woodscrews or 
throughout bolts/rivets 

* Curing the resin, maintaining a dry air environment at the area of repair. 
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For a severely damaged hybrid structure, repair may require additional pro- 

cessing steps, including: 

* Extending one metal lap plate 

* Cleaning and priming the contact surface of that extended lap plate 

* Placing fiber preform or either dry or wet prepreg 

* Mounting another metal lap plate with a properly cleaned and primed 
contact surface, followed by the three final steps, as above, for any com- 
mon repair option. 

The outlined repair procedures are considered practical and capable of 

either fully restoring a damaged Comeld-2 hybrid structure or at least pro- 

viding long-lasting repair. Meanwhile, it is understood that an in-service 

repaired hybrid joint may have somewhat reduced load-bearing capability, 

which should be tolerated. Such indulgence is justifiable because a hybrid 

joint being repaired does not need to serve for the entire length of a ship’s 

initially assigned life but, rather, is to stay intact for her remaining length of 

service or until the next docking, where the structure can be fully restored, 

as necessary. 


While a hybrid joint repaired in-service may have slightly reduced load-bearing 
capability, this should be tolerated because the repaired structure does not have 


to serve for the entire length of the ship’s life but rather to stay intact for her 
remaining length of service, or till the next docking, when this structure can 
be fully restored as necessary. 


Repair trials followed by post-repair mechanical testing were carried out 
to verify feasibility of the devised repair procedures and experimentally eval- 
uate their sufficiency by comparing the load-bearing capability of the orig- 
inal and repaired Comeld-2 test specimens. In particular, two representative 
joint test articles with acquired distinct failure modes ensuing from the initial 
destructive static in-plane tension and transverse impact testing were 
repaired and then underwent the corresponding second, after-repair testing 
to failure. 

Separate counterparts of a joint specimen with failure under tensile load- 
ing were sanded and cleaned for secondary bonding. The damaged pins were 
sanded down. Then, the prepared parts were bonded and bolted with the 
same resin that was initially used for joint fabrication. Photographs presented 
in Khodorkovsky et al. (2009) demonstrate images of both the initially 
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damaged test articles resulting from the first test rounds and those repaired 
and ready for post-repair testing. 

The second, post-repair testing round was also executed at the USNA. 
As reported by Mouring (2010), the specimen that underwent the tensile 
loading failed under the linear force Fy=1870kN/m, and the failure 
occurred at the specimen’s gripping beyond the area of the repaired material 
transition. This means that the actual ultimate strength of the Comeld-2 
specimen being repaired was not less than the experimentally defined value 
considered the threshold of load-bearing of the post-repair Comeld-2. This 
was 34% less than the original strength (Fy;= 2855 kKN/m) of Comeld-2, 
relating to the given configuration above. Apparently, even this understated 
threshold was satisfactory as provision of full structural restoration was not 
obligatory for in-service implemented repair. 

Due to overlapping of the extra metal plates used to repair the specimen 
that underwent initial impact testing, a substantial increase of specimen resis- 
tance to transverse impact loading was anticipated. This expectation was ful- 
filled, as the capability of the employed Instron Dynatup 9250HV Impact 
Test System was insufficient to cause any damage to the exposed repaired 
specimen, as reported by Mouring (2010). 

Overall, the performed examination resulted in convincing validation 
of Comeld-2’s reparability in line with the principal repair procedures 
outlined above. 


4.4 PRELIMINARY ANALYTICAL OPTIMIZATION 


Thanks to the proven utility of both principal features of Comeld-2, trans- 
verse reinforcement of the composite part with protruding pins and metal 
double-lap configuration, Comeld-2 possesses superior load-bearing capa- 
bility under transverse bending compared to ordinary monotonic structures, 
either metal or composite. It makes the load case, dominant for most hull 
structures, noncritical for Comeld-2’s performance. Due to this, thickness 
of the composite part did not need to be increased within the material- 
transition structure customary for hybrid joints. Such design reduction 
allows for avoidance of local tailoring of the composite part, usually associ- 
ated with considerable extra labor and added cost. 

Essentially, even the decreased thickness (and ply number) of the PMC 
part within Comeld-2 relative to that of the adjacent ordinary composite 
panel met the imposed design and operational requirements. Nevertheless, 
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although allied with potential slight overdesign, keeping the composite plies 
(thickness) unchanged, leveled with those of the adjacent mono-material 
panel, makes sense and should be tolerated. The reason for this is the oppor- 
tunity to reduce the intensity of the related labor operations and to provide 
an extra safety margin, worthwhile in view of the increased structural com- 


plexity of a hybrid joint. 


While decreased thickness (and plies number) of the PMC part within Comeld-2 
relative to that of the adjacent ordinary composite panel could suffice the 
design and operational requirements being imposed, keeping those 


unchanged makes sense and shall be tolerated to lessen the intensity of the 
related labor operations and provision of an associated extra safety margin 
worth in view of the raised structural complexity of a hybrid joint. 


While overall advantageous, a number of design parameters of 
Comeld-2 need to be refined to reduce the imperfections needing to be 
dealt with and to minimize unfavorable structural peculiarities revealed 
in the introductory study, thereby maximizing structural performance of 
Comeld-2. As with any structural component of a ship hull, the mate- 
rial-transition, and the Comeld-2 hybrid joint in particular, need proper 
structural analysis and strength reconciliation in order to assure robust 
and verifiable design. 

As a matter of fact, the routine analytical procedures of ship hull design 
are not sufficient to support the requisite structural analysis and design 
strength reconciliation of a hybrid hull structure. The encountered method- 
ological deficiency is due to both certain distinction of heterogeneous 
hybrids from conventional mono-material structures and uncertainties 
inherent to several embodiments thereof. With regard to Comeld-2, the 
uncertainties primarily pertain to a tangled geometry of the protruding pins 
and vague mechanical properties of the bonding film at the metal-composite 
interface. 

Due to those considerations, even sophisticated FE software, capable of 
accurately characterizing structural behavior of a three-dimensional non- 
linear heterogeneous orthotropic FE model, is not as effective in this case. 

The lack of analytical representation of Comeld-2 and its structural 
behavior noticeably detracts from the efficiency of accurate computer 
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simulation within a structural design analysis routine. For this reason, sim- 
plified math models enabling reasonable accuracy might successfully com- 
pete with complex models in the pursued verification of Comeld-2’s 
robustness and its design optimization. 

A few simplified math models have been built and run corresponding to 
conceivable failure modes, including those resulting from the initial 
mechanical testing to failure. They comprise: 

(a) Rupture of composite laminate weakened by pin insertion at the brink 
of material transition 

(b) Splitting of the composite-metal interface along with pins shearing off 
or plastically bending 

(c) Interlaminar shearing of composite laminate beyond the area of the pin 
insertion 

(d) Adhesive/cohesive failure at the composite-metal interface accompa- 
nied by shearing of the composite by the upright pins 

(e) Rupture of the metal lap plates 

(f) Rupture of the weld fillet between the metal middle and lap plates 
beyond the material transition 

(g) Rupture of the weld seam between the metal middle and extension 
plates 

(h) Bending of the metal laps outward from the composite middle plate, 
accompanied by their tearing off. 

Sketches in Figure 4.3 delineate these potential failure modes, with dashed 

lines indicating anticipated crack propagation pertaining to each of the 

conceived modes. 

It is presumed that any of these could occur in rivalry corresponding to 
the stress intensity induced within a particular joint component, and each of 
these could initiate a global failure of the joint undergoing an in-plane load- 
ing exposure. 

Note that, although “g”-mode relates to the failure of a conventional 
metal-to-metal weld, it is rendered here among other conceived failure 
options to reflect an opportunity to design Comeld-2 by placing the weakest 
link beyond the material transition. Apparently, such a design tactic might be 
preferable for a real structure to avert hybrid joint damage under excessive 
accidental or combat loading. As reasoned before, although Comeld-2 is 
well reparable in-service, restoration of its two-/multi-material structure 
would be a more labor-intensive operation than that for a monomaterial 
counterpart. Therefore, this probability should be avoided. 
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Figure 4.3 Conceivable failure modes, reprinted from Shkolnikov and Khodorkovsky 
(2011) by permission from SAMPE. 
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It is presumed that an ultimate force Fy; relevant to the ith load category 
is sufficient to cause joint failure of the corresponding mode. Therefore, 


Fy; = min {Fj} (4.5) 


where F,;is partial ultimate force representing the ith load category that is 
capable of causing the jth failure mode. The following analytical models 
are built to define the partial forces Fi; with requisite accuracy corresponding 
to a given set of joint design parameters, properties of utilized materials, and 
available experimental and/or computed data. The joint design parameters 
used in the presented models correspond to the notations of Figure 4.1, 
which outlines Comeld-2’s layout. 

A couple of assumptions are brought in to bridge input gaps. The first 
includes a presumption of insignificance of thickness and property variation 
of the bonding justifiable due to utilization of the VIP-based manufacturing 
procedure that precludes the fit-up problem and minimizes its influence on 
joint performance. The other is pin-shape approximation with an idealized cyl- 
inder, which also seems acceptable for the undertaken engineering estimates. 

The following expressions define the ultimate values of the partial linear 
forces per joint extent pertaining to the given assortment of conceived fail- 
ure modes: 

(a) Rupture of composite laminate weakened by pin insertion at the brink 


of material transition 
hd 
Fi= (16x t—2— (4.6) 
S| 


where G,, 1s the tensile strength of the composite part under pulling force F,; 

c, is the corrective coefficient that reflects influence of both stress concen- 

tration at the composite middle plate near a pin insertion and the pin’s actual 

non-ideal cylindrical shape. 

(b) Splitting of the composite-metal interface along with pins shearing off 
or plastically bending 


Tq ba nd Tn Gin 
F,=2—b 1 4.7 
Tam (; Asys| ( e Ta =) ) ( ) 


where T,, G, are the shear strength and modulus of the bonding film, respec- 


tively; T,,, G,, are those pertinent to the metal lap plates; c is the coefficient 
of stress concentration at the pin base; and T,,, is the peak value of the 
dimensionless shear stress at the bonding, which is that of a double-lap plain 
adhesive bond for relevant test data. 
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The ultimate force relevant to the adhesive/cohesive failure of the plain 
double-lap adhesive bond is supposed to be 
Tq 
Fy =2——b, (4.8) 
T am 
(c) Interlaminar shearing of composite laminate beyond the area of the pin 
insertion 2 
F,=2—*05b, (4.9) 


am 


where T,; is the interlaminar shear strength of the composite; cz is the coef- 
ficient reflecting the irregularity of the shear stress distribution through the 
thickness of the composite laminate, approximated as 


h 2 
63 =0.8 (: (*) + ‘ (4.10) 


(d) Adhesive/cohesive failure at the composite-metal interface accompa- 
nied by shearing of the composite by the upright pins 


F,=2 Zep, (be 2 (1 _%0Ew (4.11) 
ees ae . b, Aspsy Tt, G, ( 


where 6,4 is the bearing strength of the composite. 


(e) Rupture of the metal lap plates 
F, = 26 tp (4.12) 


where @,,, is the tensile yield strength of the lap plates. 
(f) Rupture of the weld fillet between the metal middle and lap plates 
beyond the material transition 


G, 
By =2(« Cyl t eb.) (4.13) 
where cy is the knock-down coefficient, reflecting reduction of the material 
strength due to the notch effect in the unfused area of the weld, presumably 
lowering its quality in the fillet’s root; ¢,,,, is the electrode classification number 
(tensile yield strength); t, is the shear strength of the bonding film; G, is the 
shear modulus of the bonding film; and E,,, is Young’s modulus of the metal. 
(g) Rupture ofthe weld seam between the metal middle and extension plates 

Fe = 4 Omste (4.14) 


h) Bending of the metal lap plates outward from the composite middle 
g PP p 
plate, accompanied by their tearing off 
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The “h” failure mode is due to a certain eccentricity of the force appli- 
cation to each of two metal lap plates that create the bending moments 
applied to each lap plate 


_ Ftp 


M, 
4 


(4.15) 


The conceived bending of the lap plates produces transverse tension in 
both composite laminate and adhesive bonds within the material transi- 
tion that may result in delamination and/or de-bonding, accompanied by 
the pins pulling out from the composite middle plate. It implies that as 
this failure mode occurs all joint components are involved in effective 
load-bearing, which is deemed the best attainable instance of structural 
performance being pursued in the undertaken Comeld-2 optimization. 
Note that this seems possible, as full incorporation of the protruding pins 
into the composite and tight metal-to-composite contact are both 
fulfilled. 

Initially, the h-failure mode was taken from the FE simulation briefed in 
Section 4.1. However, that mode was not observed in the result of the initial 
Comeld-2 testing round. Apparently, it did not manifest because the pur- 
sued full accommodation of the metal protrusion into the composite had 
not been attained at that stage of development. 

Due to the lack of relevant experimental data, the h-failure mode was 
omitted in the reported preliminary analytical optimization of Comeld-2. 
On the contrary, the h-mode did manifest and, in fact, dominated the suc- 
ceeding testing rounds of optimized Comeld-2, which are reported in depth 
below, in Section 4.5. 

All other failure modes and relevant expressions (4.6)—(4.14) have been 
exploited to characterize performance and provide preliminary analytical opti- 
mization of the Comeld-2 design. To do this, expressions (4.6)—(4.14) were 
fed with relevant data derived from the initial testing round of two sets of joint 
test specimens, bonded-pinned and outwardly identical plain-bonded joints, 
as presented above. 

Another source of data to feed the given analytical models consists of 
the mechanical properties of the materials utilized within the joint. 
Table 4.1 presents such data, comprising properties of the specified steel 
alloy; results of the composite testing courtesy of the USNA (Mouring, 
2009); and estimated values pertaining to all other material properties 
required for the pursued analytical exercise, based on a few realistic 
assumptions. 
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Table 4.1 Estimated mechanical properties, adapted from Khodorkovsky and 
Shkolnikov (2010) 


Moduli of 
Strength, MPa elasticity, GPa : 

Poisson 
Materials Tension Bearing Shear Normal Shear ratio 
Composite" 323 345 124 20.7 8.0 0.29 
Bonding 107 0.70 0.4 

film 

Base metal 448 262 207 83 0.3 
Weld metal 483 383 207 83 0.3 


“Properties across the joint line. 


The dimensional parameters of the joint relevant to the initial Comeld-2 
design are summarized below, corresponding to notations of the Comeld-2 
layout in Figure 4.1: 

* Plate dimensions across the joint: 

b,=102 mm; b,=76 mm; b,=76 mm 
* Plate thickness: 

t=13 mm; t,=6.4 mm; f,=11 mm 
¢ Pin dimensions: 

d,=0.5 mm; h=3.0 mm; s,=3.7 mm; s;=5.0 mm 
The computed data obtained from relevant closed-form solutions and 
numerical FE simulations are also used. In particular, the required parame- 
ters of the shear stress distribution along the bond-line are taken from the 
Volkersen relation, presented in Section 3.2. 

Adjustment coefficient c, is defined by substitution of the known values 
of the shear stress T,,, and ultimate loads relevant to both the bonded only 
(F,.) and bonded-pinned (F,) joints in Equations (4.7) and (4.8). This, along 
with other adjustment coefficients c, and cs, is set to match the experimen- 
tally determined ultimate forces and failure modes. 

So, values of those coefficients are to be: c) = 0.91; @= 0.213; a = 0.93, 
respectively. The c, coefficient that is to characterize the stress concentration 
at the metal weld is assumed to be c,=0.71. 

Several computing experiments based on the above-outlined algorithm 
and the estimated values of relevant parameters were run to assess the influ- 
ence of pin sizing on Comeld-2’s performance and provide analytical 
ground for the improvement of joint load-bearing capability while not 
compromising its manufacturing feasibility. 

The graph in Figure 4.5 demonstrates the computed results, employing 
expressions (4.6)—(4.14) with regard to the conceived diversity of possible 


Comeld-2 development and performance evaluation 95 


failure modes; the given parameters of the joint design; and variation of pin 
diameter in a range of 0<d,<1.0mm. 

As can be seen, the pin’s diameter meaningfully affects joint performance 
in more than one failure mode. The other pin and joint parameters as a 
whole exhibit a similar effect, implying the possibility of a contradictory per- 
formance outcome, with either concurrent decrease or increase of partial 
ultimate forces relevant to distinct failure modes. 

For instance, with regard to pin enlargement, joint resistance to shearing off 
(associated with b-mode) improves, while the laminate’s resistance to rupture at 
the pinned area indicated as the a-mode is lowered, though insignificantly. 

Likewise, as pin height is increased, the composite laminate’s resistance 
to interlaminar shearing at the pin tip layers (corresponding to c-mode) 
grows, whereas resistance of the joint to the a-mode failure is jeopardized. 

An increase of thickness of the composite laminate improves joint per- 
formance in the a-mode, but its performance pertinent to the b-, c-, and d- 
modes is decreased. 

Thickening of the lap plates improves joint performance for the majority of 
conceived failure modes, except g-mode, which stays unchanged. However, 
this improvement is associated with substantially increased weight, proportional 
to the thickness increase, which lowers weight efficiency of the joint structure 
accordingly. Extension of the metal overlaps brings similar contradictory results. 

The majority of lines representing assorted failure modes in Figure 4.4 
are tightly settled. Nevertheless, it seems feasible to control the joint failure 
mode and location of possible damage by means of design alteration. For a 
real structure, a damage-prone area should be beyond the heterogeneous 
material transition, within a neighboring mono-material structure. 

Following these tactics, the weakest link of the hybrid joint could and 
should be positioned beyond the material transition, for instance, at the 
metal weld, associated with the g-mode, easily reparable in-service. 

Contrary to this, one or a few concurrent failure modes pertinent to the 
heterogeneous part of joint structure should be chosen to represent its ulti- 
mate state under test loading. 


In a real structure, the weakest link of a hybrid joint should be positioned beyond 
the heterogeneous material transition, within a neighboring mono-material 


structure. One or a few concurrent failure modes pertinent to the 
heterogeneous part of joint structure should be chosen to represent its 
ultimate state under test loading. 
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Figure 4.4 Ultimate force versus pin diameter, reprinted from Shkolnikov and 
Khodorkovsky (2011) by permission from SAMPE. 


The graph in Figure 4.5 reflects the computed data for an integral value 
of the ultimate in-plane tensile force Fy, allowing for overall assessment of 
Comeld-2’s performance as a function of design parameters, such as pin 
diameter, in particular. 

The graph is accompanied by ultimate tension forces pertaining to other 
basic material and joint design options: monolithic composite plate, 
extended from the composite middle plate of the joint; the metal weld joint, 
corresponding to the g-failure mode; and plain adhesive bond. Conjointly, 
these computed data demonstrate the comparative load-bearing capability of 
a Comeld-2 joint as a function of pin diameter. 

As can be seen, a moderate enlargement of the protruding pins from a 
diameter dy=0.5mm, used for Comeld-2’s initial test round, to 
d,)=0.7 mm, promises a notable ~20% growth of the load-bearing capabil- 
ity from Fyy= 2850 kKN/m to Fy=3500 kN/m. 

While this result looks encouraging, it should be kept in mind that pin 
dimensions, if excessive, impede two vital traits of Comeld-2, full accom- 
modation of the pins within the composite plate and tight contact of that 
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Figure 4.5 Comeld-2 integral performance evaluation, adapted from Khodorkovsky 
and Shkolnikov (2010). 


with the contact base surface of the metal lap plates. A similar contradiction 
would accompany pin spacing variation. To eliminate these contradictions, 
pin shape and dimensions need to be cautiously balanced with the perme- 
ability of the composite middle plate. Ultimately, as emphasized above, a 
design that facilitates such a balance would enable maximization of 
Comeld-2’s structural performance. 

Altogether, the results of performed computations suggest that the ini- 
tially selected size of the protruding pins, implemented in the introductory 
study, is quite close to that of the targeted Comeld-2 optimal configuration. 
As Figure 4.5 reveals, while a slight enhancement of the pins might be pos- 
sible, it would not substantially boost joint structural performance. Specif- 
ically, a pin diameter of d,=0.65 mm appears to be the limit to maintain 
the required balance. Hence, other measures, such pin shape, need to be 
exploited for further Comeld-2 optimization. 

The initially envisioned embodiment of a protruding pin, presented in 
Figures 4.1 and 4.2 essentially constitutes two main parts, a virtually cylindrical 
body and its nearly solid cone base. As evidenced by the manufacturing trials, 
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the conical base noticeably obstructs pin penetration into a tight composite 
laminate. To alleviate this and ensure full accommodation of the pins within 
the composite laminate, the shape of the pin base needs be revised. 

To meet this demand, tiny radial side stiffeners instead of the solid cone 
base, such as those demonstrated among exemplified feasible patterns of the 
patent (Dance and Kellar, 2010), replicated in Figure 4.6, were chosen as a 
promising option for a pin configuration. 

The envisaged pins with radial side stiffeners, while manageably strong 
and stiff, have much better penetrability than those with a nearly solid cone 
base, allowing for full engagement of the enlarged pins with the composite, 
thereby improving the load-bearing capability of the entire joint. 


Pins with radial side stiffeners, while manageably strong and stiff, have much 
better penetrability than those with a solid cone base, allowing for full 


engagement of the enlarged pins with the composite, thereby improving the 
load-bearing capability of the entire joint. 


Overall, the performed preliminary analytical study has provided quite 
valuable qualitative and quantitative input to understanding of the peculiar- 
ities of interaction of distinct design features and further improved structural 
performance of Comeld-2. Based on this, following development of 
Comeld-2, advanced hybrid joining technology was focused on proper 
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Figure 4.6 Revised pin configuration, borrowed from Dance and Kellar (2010). 
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progression of material processing associated with the intended pin reshap- 
ing and mechanical-environmental testing of the upgraded Comeld-2, tar- 
geting selection of its optimized, “champion” configuration. 


4.5 MATERIAL PROCESSING 


First and foremost, two-round manufacturing trials were carried out. The 
first was to tune the EB process to produce a protrusion pattern with the 
side-stiffened pins. The other was to exploit the chosen protrusion option 
as a basis for dimensional variation of the pins and verification of accommo- 
dation of those within the laminate employed for the composite middle 
plate, targeting maximization of pin size without compromise, yet with 
laminate penetration. 


4.5.1 Protrusion Trials 


Several EB protrusion trials were run to verify feasibility of the devised pro- 

trusion pattern for an EH-36 shipbuilding low steel alloy (ASTM A945 Grade 

65) of interest. The 1-, 2- and 3-pronged pin patterns, associated with 2-, 4- 

and 6-leg support, respectively, including those similar to the pattern shown in 

Figure 4.6, were produced, which quite closely match the looked-for pin 

configuration, further specified in the patent (Shkolnikov, 2013). Being aware 

of its feasibility, a few specific targets were imposed to refine the protrusion 
pattern to maximize of pin resistance to lateral loading, conceived critical 
for structural performance of Comeld-2 joints: 

(1) Further enlarge pin base and height dimensions. 

(2) Get a uniformly distributed 6-stiffener (leg) support utilizing the 3- 
prong pattern, believed to be structurally and penetratively superior 
to other 1- and 2-prong options. 

(3) Keep cavities intruded in the metal lap plates, supplying pin material, 
relatively shallow and harmless for those lap plates. 

(4) Position one of the 3-pin prongs across the lap strip plate to maximize 
pin bending stiffness against the most efficacious force being applied 
across the joint. 

To be consistent with the targets, the principal dimensions of a prime pin 

pattern were set which, corresponding to Figure 4.1 notations,were: 

* Spacing along the joint s;=5.1 mm 

¢ Spacing across the joint s,=7.6 mm 

¢ Pin diameter d,=0.5 mm 

* Pin height h=3.0 mm 
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° Leg span d)=2.0 mm 

° Leg height fj=2.25 mm. 

The results obtained from the pultrusion trials were for the most part 
consistent with the specified parameters of pin geometry. 


4.5.2 Lap Plate Fabrication 


Several L x Bx t=584 x 305 x 6.35 mm blank metal lap plates were pro- 
truded with the selected pattern and then underwent their consolidation 
with the composite layups to form the hybrid panels. The 584-mm length 
of the metal plates was chosen to meet the capacity of the vacuum pressure 
chamber employed for the EB metal protrusion. 

The extent of the protruding area across the strip plates was b, = 102 mm 
and that of the entire contact area with the composite was b,= 152 mm, as 
these values were found in the initial FE simulations to have been sufficient 
for effective joint structural performance. 

Upon implementation of the protrusion, the metal plates were examined 
for flatness and correspondence of the produced protrusion to the specified 
parameters. The tolerance grade IT16 (ISO 286) was mainly applied. 

Two types of flaws were revealed from the quality examination. One was 
slight warping of the protruding lap plates caused by thermal distortion due 
to one-side high-temperature EB treatment. The maximum deflection 
Wax © 2.5 mm over the plate’s length L= 584 mm base was noted. Another 
imperfection manifested in a few spots of localized deficiency of the protrud- 
ing pins. Both revealed defects notably exceeded the inflicted dimensional 
tolerance and needed to be put right to prevent a noticeable negative impact 
on joint performance. 

To do this, the warped plates were flattened during their consolidation 
with the composite laminate, applying mechanical clamping. Also, spots of 
deficient protrusion were marked on the even side of the lap plates to iden- 
tify affected joint test specimens upon consolidation of the metal with com- 
posite, with sequential cutting thereof from the formed hybrid panel, to be 
expelled from the joint specimen clusters. 

The protruding plates also underwent other preparatory procedures pre- 
ceding their assembly and consolidation with the composite. These con- 
sisted of grit-blasting with medium-size grit; air-blowing to remove 
excess grit; rinsing with methanol to clean off any contaminants; and prim- 
ing with PC-120 primer, supplied by ITW Plexus. As directed by Plexus, the 
primer was lightly wiped on with a 25-mm brush and then applied to all 
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metal surfaces, until obtaining pink cover, indicating sufficiency of the 
smeared primer. 


4.5.3 Composite Processing Trials 


The second round of manufacturing trials on processing of hybrid panels was 
executed prior to fabrication of the test specimens to tweak the resin con- 
sistency and distribution within the fiber layup; get the requisite thickness of 
the composite middle plate being processed; check penetrability of the pro- 
truding pins into the fibrous layup; and verify feasibility of the simultaneous 
formation of the composite laminate and consolidation with the pairing 
metal lap plates, based on a modified VIP procedure. 

As before, in the framework of the introductory study, the composite 
middle plate comprised a symmetric, balanced layup composed of 20 plies 
of E-Glass (24-0z, CWR2400, 5x4 woven) fabric utilized as the base part 
of the fiber layup. The fabric orientation (0°; 45°; 90°; —45°) was altered by 
plies uniformly distributed throughout the laminate thickness as: 43 4; 4; 
of this. 

In addition, a few plies of veil were applied externally and midway at the 
layup’s base part. The external plies were to perform a dual function, to 
enhance the laminate’s resistance to water permeation into the metal- 
composite interface by applying a resin-rich veil layer, and to ease penetration 
of the protruding pins into the fibrous material layup. The veil at midpoint of 
the layup was to match the design thickness of the metal middle plate, that is, 
12.7 mm. 

Ashland (Derakane 8084) VE-based resin formulation was utilized to 
make all the hybrid panels: 2% by weight of MEKP hardener and 0.2% 
by weight of CoNap formulation, with a gel time of slightly above 2 h. This 
was enough to fully infuse the hybrid panels with the resin. All composite/ 
hybrid panels being processed underwent post-curing in an oven at 71 °C 
for 6h. 

A modification of the VIP procedure outlined above was devised, pro- 
viding a proper basis for fabrication of the Comel-2 hybrid panels utilizing 
metal lap plates with the revised protrusion pattern. 


4.5.4 Hybrid panel processing 


Two batches of outwardly identical joint test specimens were produced, 
applying the modified VIP procedure. One represented the Comeld-2 
bonded-pinned joint and the other, a plain adhesively bonded joint, used 
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as a baseline. Six hybrid panels, L x B=584 x 457 mm in-plane, were fab- 
ricated and split for 63.5-mm-wide test specimens using a water-jet cutter. 

Five different configurations of Comeld-2 joint test specimens and one 
representing the baseline plain adhesive bond, all destined for comparison 
testing, were produced to various design features related to pin sizing; com- 
posite layups; and shapes of the metal lap plates at their tips. The specimens 
pertinent to the five Comeld-2 configurations were denoted with codes: 
“1-Aaa”; “2-Baw”’; “3-Caa”’; “4-Bba”; and “5-BaB”, whereas the baseline 
plain adhesive bond was indicated with the code “6-ax”’. 

The first index of the Comeld-2-related codes denoted association with a 
distinct protrusion pattern, be that “A”; “B”; or “C”. The distinction 
embodied by pin height varied as h= 2.6 mm; 3.0 mm; and 3.4 mm, respec- 
tively to A; B; and C patterns. Span and height of pin legs were also varied, 
corresponding to the relations: dj =$h; hj = $h. 

All other pin dimensions were the same for all explored protrusion 
patterns. Specifically, these included the pin diameter and spacing, which, 
corresponding to notations of the Comeld-2 layup in Figure 4.1, were: 
d,=0.5 mm; s;=5.1 mm; and s,=7.6 mm, respectively. 

The second index of the code indicated a layup of the composite middle 
plate. Layup “‘a” stood for a laminate with external plies ofa 10-oz fabric veil 
(one on each side of the layup) and two plies of mat veil at the midpoint of 
the laminate. Layup “b” had the same fabric and mat veil plies as for layup 
“a”, all placed externally, one fabric and one mat ply on each side of the 
layup. The basic part of both layups was the same, as described in 
Section 4.5.3. 

The third index denoted distinctions in the shape of the lap plate edge. 
The shape option “«” implied a blunt tip, whereas option “B” indicated a 
backward bevel of 1.35.1 mm, which, filled with PMC, was deemed 
useful in alleviating stress concentration at the metal tip area. 

Note that although tapering of lap plates toward the composite middle 
plate, as employed in the introductory study, did help to lower the peak 
stress at the metal tip area, as anticipated, the joint specimens for comparison 
testing presented here were not tapered. The reasons for withholding the 
tapering were quite pragmatic. First, it was to have a chance to introduce 
relatively large pins protruding near the tip of the metal lap plates, in order 
to figure out whether those pins were useful in improving joint perfor- 
mance. Another was to moderate the fabrication cost by eliminating 
machining of the metal plates, unnecessary for the comparison testing. 
Another reason was a presumption that tailoring of a real joint, at least of 


Comeld-2 development and performance evaluation 103 


that destined for a hull’s outer shell, would need to be customized to stream- 
line the hull’s external surface, the shape of which should not be replicated in 
a generic test specimen design. 

As regards the lap plate shape simplification was causing notable devia- 
tion from the initially gained load-bearing capability, strength values derived 
from the comparison testing and those of the initial feasibility study were 
incompatible. Because of this, the ultimate strength data from the compar- 
ison testing round regarding the five Comeld-2 configurations, related to 
those of configuration 6-a%, represent the newly acquired reference point 
for plain adhesive bonding. 


4.6 CHAMPION SELECTION 


The comparison testing of five Comeld-2 configurations was implemented 
targeting selection of the best, champion option of Comeld-2 design. The 
testing was followed by further refinement of analytical models capable of 
reflecting distinct structural behavior of the upgraded joint design. 


4.6.1 Comparison Testing 


The static in-plane tensile testing to failure of the joint test specimens was 
executed at room temperature employing an Instron servo-controlled, 
hydraulically actuated, closed-loop test frame, equipped with a 50-ton load 
cell and wedge action grips. 

The test loading was accompanied by simultaneous determination of 
time, displacement, and load, at a target rate corresponding to the 100-s 
length of test loading to specimen failure. The actual rate of the test loading 
was varied from one specimen to another specimen in a relatively wide 
range, corresponding to the 71- to 215-s length of loading to specimen fail- 
ure, in an attempt to get close to the 100-s norm. 

To temper the influence of rate variation and provide a level comparison 
basis, the actual ultimate load data were refined to correspond to the 100-s 
norm. The “master curve” notion (Miyano et al., 2005; Regel et al., 1972; 
Shkolnikov, 1995) was utilized for this refinement. This analytical technique 
implies uniform dependency of mechanical properties and deterioration of 
PMC on the length of loading exposure, allowing for determination of an 
ultimate strength value S, corresponding to a standardized norm of a 
constant-rate loading by applying the expression 
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Here Sis the factual ultimate strength determined at the end point of the 


S, (4.16) 
test loading with a true rate; ky; is a rate adjustment coefficient, which is 


n() 


a —1 


where # stands for the ratio of actual length of loading V to the standard load- 
ing duration ¥,, i-e., ¥,=100 s; ais a dimensionless parameter characteriz- 
ing time-dependent behavior of a particular PMC composition. The value 
%=32.5 ensued from introductory fatigue testing of the plain adhesively 
bonded hybrid joint was used for undertaking adjustment of the ultimate 
strength values. See Chapter 5 for the grounds and details of this analytical 
technique. 

As anticipated, the load-bearing capability of the Comeld-2 bonded- 
pinned joint significantly exceeded that of the outwardly identical plain adhe- 
sivejoint. The best ofthe Comeld-2 designs was the prime configuration 1-Aao 
with moderate pin dimensions and none of the added design features being 
incorporated into other tested Comeld-2 options. The gained ultimate force 
pertinent to configuration 1-Aa% was Fy=2.57+0.28 MN/m versus Fy 
=1.08+0.19 MN/m, compared to the baseline plain adhesive bond, config- 
uration 6-a%, demonstrating 2.38 x performance superiority in contrast to the 
1.48x ensuing from the earlier introductory study. 

The other tested Comeld-2 configurations, burdened with add-on 
optional design features deemed capable of offering some performance gain, 
although exhibiting substantially stronger performance than that of the base- 
line, manifested lower structural efficiency than that exhibited by the prime 
configuration 1-Aa®, ranging from 1.7 to 2.24 compared to the baseline 
joint performance. 

A mixed adhesive-cohesive mode signified the failure of the bonding, as 
in the initial testing round discussed in Section 4.1. However, ultimate per- 
formance of the pins substantially differed from the preceding experience. 
Contrary to that, when the metal pins were plastically bent or sheared off 
under the ultimate tensile force, the pins of the newly employed protrusion 
pattern were dissociated from the composite middle plate, staying upright 
and sound for all joint loading till its failure. 

One more distinctive feature of the newly gained failure mode was the 
lap plates bending out of the composite middle plate, followed by pulling it 
away from lap plate capture under the ultimate applied load. Essentially, the 
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Figure 4.7 Final phase of tensile test, from Khodorkovsky and Shkolnikov (2010). 


newly acquired failure mode embodied an earlier predicted result of FE anal- 
ysis, introduced in Section 4.1. This was then referred to in the list of con- 
ceivable failure modes, under index “h,” described in Section 4.4. 

Figure 4.7 presents the final phase of failure dynamics, illustrating the 
newly observed failure mode. 

Apparently, the revised protrusion pattern was the main cause of the 
noted transformation of the failure mode. Meanwhile, the implemented 
pin enlargement seemed to be slightly excessive. While this resulted in 
pin strengthening, it interfered with tightness of the metal-composite inter- 
face which notably affects bond performance. 

Hence, taking into consideration all significant aspects of manufactur- 
ability and structural efficiency, the simplest configuration 1-Aax appears 
to be the right choice for the consequent Comeld-2 champion design 
finalization. 
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4.6.2 Upgraded analytical model 


The distinct h-failure mode exhibited by Comeld-2 with the newly selected 
protrusion pattern called for one more analytical model in addition to the 
assorted models presented already in Section 4.4. Representation of a lap 
plate as a semi-infinite beam on an elastic foundation loaded with a concen- 
trated bending moment Mp on the free (tip) end was chosen to characterize 
joint structural behavior resembling that revealed in the results of the com- 
parison test round. 

It is conceived that the bending moment M, is formed by the pulling 
force F,, transferred to the metal lap plates by the composite middle plate 
via their interface as expressed in relation (4.15). According to Roark and 
Young (1975), the bending characteristics of the selected model at distance 
x from the plate edge include: 

* Transverse shear 


V = —Mofexp(—fx)sin Bx (4.18) 
¢ Bending moment 
M = Moexp(—fx) (sin Bx + cos bx) (4.19) 
* Slope 
M 
d= — ype? Ba)oos Bx (4.20) 
* Deflection 
M 
y= aT, exp(—fx) (sin Bx — cos Bx) (4.21) 


¢ Foundation stiffness 


1 
— | —— 4.22 
B (= ) ( ) 
* Foundation modulus 
E, 
Cat 
* Bending stiffness of a lap plate 
p 
FI=E+ (4.24) 
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Here c,is the coefficient that reflects a difference between the interface area 
relevant to the pinned joint option and that of the plain-bonded joint; 
E,=1.0e+3 MPa is the modulus of elasticity of the composite middle plate 
in its transverse direction; E=2.1e+5 MPa is the modulus of elasticity of the 
metal lap plates. 

To assess the c, value with regard to a 3-pronged pin, the external surface 
of both the protruding pins and the relevant cavities intruding in the metal 
surface are taken into account. Accordingly, the c, value is approximated 
with the expression 


2ndh + 6djh1) byl 
pa ee Oh (4.25) 
b,lsis, 


the parameters of which mainly correspond to the dimensional notations of 
Figure 4.1; a few others are as follows: / is the joint length (i.e., width of a 
joint test specimen); dj, h; are the span and height of pin legs, respectively. 

Figure 4.8 illustrates the experimentally observed phenomenon of a 
transverse shear force affecting the lap plate with regard to two joint options, 
the baseline plain adhesive bond and the bonded-pinned joint. 
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Figure 4.8 Transverse shear affecting lap plate, adapted from Khodorkovsky and 
Shkolnikov (2010). 
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Figure 4.9 Transverse shear stress within bonding film, adapted from Khodorkovsky 
and Shkolnikov (2010). 


Figure 4.9 in turn demonstrates the transverse shear stressing induced by 
that shear force on the bonding film of those two joints. 

As can be seen, the stress state of these two joints is notably different. In 
particular, the peak stresses induced in the bonding film, which govern the 
load-bearing capability of the adhesively bonded joints, relate with a roughly 
2.4 ratio, which well matches the ratio of experimentally determined ulti- 
mate forces of these two joint options. The acquired correlation fairly tes- 
tifies to the relevance of the devised analytical model to a real Comeld-2 
structure in its upgraded form and points to an opportunity to utilize this 
model for the predictive analysis of Comeld-2’s load-bearing capability, 
at least for comparison, without resorting to utilization of sophisticated 
FE simulations. 

Further, it is presumed that conventional structural analysis routines of 
a ship hull design can be used to characterize service performance of a 
material-transition structure being represented as a monotonic structural 
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component, with a set of reduced mechanical properties being derived from 
the tests. Moreover, as Comeld-2 is proven be superior to both neighboring 
mono-material parts, metal and composite, with regard to transverse bend- 
ing, the conventional structural analysis of the mono-material parts should 
suffice for design reconciliation of robustness of the entire hybrid structure 
for this operational load case. 


As Comeld-2 is proven to be superior to both neighboring mono-material parts, 
metal and composite, with regard to transverse bending, conventional structural 


analysis of these mono-material parts should suffice for the design reconciliation 
of the robustness of the entire hybrid structure in this current operational 
load case. 


4.6.3 Champion Joint Design and Fabrication 


As emphasized earlier, the distinctive attribute of an effective Comeld-2 
design is proper balancing of two contradictory but vital performance 
traits—complete accommodation of the protruded pins within the compos- 
ite part and substantial mechanical reinforcement of the adhesive bond by 
those metal pins. Based on the obtained experimental results, a champion 
configuration of the bonded-pinned Comeld-2 joint that meets this require- 
ment was selected. Basically, it was a replication of configuration 1-Aao that 
exhibited the best structural performance of the comparison joint series, 
with a superiority of 2.38 that of the plain bond. 

Accordingly, a series of 600-mm-long panels with selected design 
parameters were fabricated and then split for 63.5-mm-wide test specimens 
of Comeld-2 champion joint. The same materials and largely the same pro- 
cesses as before were employed. 

Regarding the manufacture of the comparison joint series, the metal lap 
plates acquired considerable warping, with deflection up to 5.6 mm along 
the plate, due to the intense one-sided heating caused by EB treatment, con- 
siderably exceeding the imposed requirements for flatness tolerance. To pre- 
vent any negative impact of the warping on joint performance, the 
protruding lap plates were flattened prior to consolidation with the fiber 
layup. The 5-mm-thick medium-hard rubber slab was used to prevent pins 
from damage during the flattening operation. 
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Figure 4.10 Champion joint test specimen, adapted from Khodorkovsky and 
Shkolnikov (2011). 


Two alternative assembly and composite processing procedures were 
executed. One, resulting in the “1S” specimen series, was accompanied 
by debulking of one lap plate to the fiberglass layup. Another “2S” specimen 
series involved debulking of both metal lap plates. The first option, while 
preferable for implementation with large-structure Comeld-2 technology, 
was found to lack complete pin penetration into the fibrous material. The 
second option, in contrast, while it did provide proper pin accommodation 
within the composite, added complication to the material processing with 
regard to fabrication of a large hybrid panel. 

To figure out whether the potential processing deficiency intrinsic to the 
1S-series considerably affected structural performance of the produced joint, 
both processing options were carried out and both fabricated joint specimens 
underwent experimental examination. 

A total of five 600-mm-long champion hybrid panels were fabricated 
and then split employing a water-jet cutter into 63.5-mm-wide specimens, 
which underwent assorted mechanical-environmental and watertightness 
testing. The photograph in Figure 4.10 demonstrates a joint test specimen 
cut from a Comeld-2 hybrid panel being produced. 


4.7 MOISTENING/WATERTIGHTNESS EXAMINATION 


Moistening represents one more concern about the serviceability of'a hybrid 
structure, which has been experimentally evaluated with regard to water 
penetration into the composite-metal interface of Comeld-2. In general, 
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moistening may affect the service performance of a hybrid structure in a 

diversity of ways, via 

* Deterioration of PMC within a hybrid structure 

* Added stressing due to PMC moisture-originated swelling 

* Crevice corrosion of the metal part at the composite-metal interface, 
accompanied by de-bonding and ultimately premature failure of the 
entire hybrid structure. 

Due to these potential drawbacks, water penetration into the composite- 

metal interface of the material-transition is prohibitive for a real hybrid hull 

structure. The chosen Comeld-2 configuration together with the employed 

co-curing manufacturing procedure was specifically selected for and was 

capable of providing the requisite watertightness of the interface, ensuring 

the corrosion-free state of the paired metal. This optimistic assertion was 

based on longstanding operational experience with combined bonded- 

bolted joints conceptually similar to the bonded-pinned Comeld-2 

structure. 

As mentioned above in Section 2.2, bonded-bolted joints were utilized 
for outboard hybrid structures of several Russian submarines that were in 
commission for two decades (1970s—1990s). Neither PMC deterioration 
nor metal corrosion was observed during periodic inspections and no com- 
plaints about the service performance of the composite outer hull panels out- 
fitted with the bonded-bolted joints were reported by the crews during the 
subs’ service. 

Likewise, Boyd et al. (2004) report good resistance of co-cured joints to 
long-term aging moisture exposure ensuing from an investigation of the 
integrity of steel-composite joints used for deck-to-superstructure 
connections. 

Despite this positive outlook, several preventive measures were under- 
taken to ensure requisite watertightness and corrosion resistance of the 
champion Comeld-2 specimens destined for moistening and watertightness 
testing. These included: 

* Proper cleaning and priming of the metal lap plates before their assembly 
and consolidation with the composite part 

* Utilization of a marine-grade polymer resin to provide requisite water 
resistance of the PMC laminate 

* Use of a resin-rich veil for the external protective layers of the 
composite part 

* Sealant application at the tip of the metal laps. 

In particular, radial fillets composed of polymer resin (Ashland FV 8084 

Derakane VE) and 20% by weight of microspheres were provided at the 
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metal tip on both sides of the hybrid panels upon their consolidation. A 
thermo-resistant long-lasting, permanently flexible marine polysulfide seal- 
ant, usable both above and below the waterline and capable of withstanding 
35 °C, was also applied to the cut side surfaces of the joint specimens to pro- 
tect them from moisture exposure unrelated to the actual operational 
conditions. 

To verify sufficiency of these measures and evaluate resistance of the 
champion bonded-pinned joint to seawater exposure, the hybrid panels 
underwent moistening-watertightness examination carried out in two con- 
secutive test rounds. The first was to experimentally define the length of 
moisture exposure sufficient for the PMC to gain effective water absorption 
equilibrium. The second was to experimentally examine whether a hybrid 
joint was capable of withstanding such moistening without formation of rust 
stains at the metal-composite interface. 

The external layers of the composite middle plate were considered to 
be the only channel for potential water permeation into the metal- 
composite interface of Comeld-2. For this reason, two different thin com- 
posite plates destined for the first round testing were fabricated. One of 
those was a 4-ply, 1.1-mm-thick plate that represented the external pro- 
tective layer, composed of two outer plies of E-Glass, a 10-oz woven fab- 
ric veil and two inner plies of E-glass mat veil. The other was a two-ply, 
1.4-mm-thick plate made of 24-oz E-Glass woven fabric (CWR2400, 
5x4) that embodied the base part of the used fiber layup, presumed to 
be self-sufficient without any additional protective layer. The same Dera- 
kane 8084 VE resin was applied for both material compositions. VIP was 
employed to process both plates, which were post-cured at 71 °C for 6h 
and then each split into five square 100 x 100 mm material specimens for 
test moistening. 

An immersion tank filled with synthesized seawater was set up, corre- 
sponding to requirements of the ASTM 15229/15229M-92 standard. 
The tank was furnished with a propeller blade stirrer, a heater capable of 
maintaining a steady 35-3 °C temperature, and a thermostat to control 
the temperature throughout the test. The elevated temperature was to imi- 
tate the worst possible operational conditions with regard to both seawater 
absorption and metal rusting. 

The precision weighing of the specimens being progressively moistened 
was carried out employing an Acculab VIC-123 milligram scale. The per- 
cent moisture mass gain AW,, was monitored and plotted versus time as 
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AW, = Vt for all test specimens. The mass change A W,,, was calculated for 
a time interval as 


W;-W 
AW, = a x 100% (4.26) 
W, 


where: W; is the current mass of ith moistened specimen; W,, is the baseline 
specimen mass. 

Following this routine, it was defined that the effective moisture equi- 
librium for both tested PMC compositions sets over 64 days was sufficient 
for the watertightness testing of a hybrid joint panel as well. 

The second test round was also executed in correspondence with Pro- 
cedure B of the ASTM D5229/D5229M-92 standard. Six hybrid joint spec- 
imens were maintained in the same steady-state seawater environment. The 
testing setup, similar to that employed for the first test round, comprised an 
immersion tank furnished with a heater, thermo-controller, and propeller 
blade stirrer. 

Upon completion of the planned two-month moistening exposure, the 
joint test specimens were cleaned of sealant on the cut sides and visually 
examined for any sign of rust stain at the metal-composite interface. This 
did not reveal any sign of metal rust, thereby validating the anticipated suf- 
ficiency of the selected Comeld-2 design technology for watertightness at 
the composite-metal interface. 

The photograph in Figure 4.11 showing the joint specimens that under- 
went the 2-month seawater moistening convincingly testifies to this assertion. 

Owing to the positive experimental outcome, there is no need to incor- 
porate a stainless steel alloy such as AL-6XN into a Comeld-2-based material- 
transition structure, as might be necessary for other hybrid joining options, to 
protect the metal part of the hybrid structure from corrosion. This consider- 
ably simplifies the targeted implementation of a hybrid hull and decreases the 
cost of hybrid hull construction and its in-service maintenance. 


The Comeld-2 hybrid joint is self-sufficient in preventing water penetration into 
the metal-composite interface and protecting the metal part from corrosion; 
hence, there is no need to incorporate stainless steel alloy into the material- 


transition structure as might be necessary for other hybrid joint options and 
considerably simplifies implementation of hybrid hull construction and 
reduces its cost. 
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Figure 4.11 Post-moistening examination of joint specimens, from Khodorkovsky and 
Shkolnikov (2011). 


4.8 CHAMPION MECHANICAL-ENVIRONMENTAL TESTING 


In-plane tensile testing of the Comeld-2 champion to failure under varied 
ambient conditions was carried out. The principal test target was to obtain 
experimental data sufficient to evaluate serviceability of Comeld-2 in a ship 
hull for the anticipated range of operational exposures. 


4.8.1 Test Set-up 


The procedure executed for the champion joint testing mainly replicated the 
ASTM 1D3039/D3039M standard that is primarily dedicated to determina- 
tion of the tensile properties of PMCs. The shape and dimensions of the joint 
test specimens were the same as those utilized for the introductory and com- 
parison test rounds and specified in Section 4.1. The same configuration, 
with flat non-tabbed specimen ends, clamped with wedge-tightening grips, 
was also used. 

To embrace a representative range of ambient conditions typical for ship 
hull operation, the thermal influence was evaluated at three temperature 
levels: lowered, room, and elevated, at T=—15 °C, 23°C, and 60 °C, 
respectively. 

The test specimens subjected to testing at non-room temperatures were 
conditioned under assigned lowered or elevated temperatures prior to the 
tests for 3 h each. Destined parameters of the ambient conditions were main- 
tained, with deviation from the specified nominal levels not exceeding 
+3 °C of temperature and 50+ 10% of relative humidity for the dry tests. 
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For this purpose, a thermally insulated temperature-humidity-controlled 
chamber was employed. The specimens, having undergone the preceding 
moistening/watertightness testing, were kept wet till execution of the 
mechanical testing. 

The static test loading was set in force control mode with constant rate 
R=1.8 kN/s, approximately corresponding to the targeted norm 7 = 100 s 
of the loading length to specimen failure. The fatigue tests were run employ- 
ing a low-cyclic pulse loading with the standard broken-line (triangle) pro- 
file. The cycling frequency was set at f=0.133 Hz, a level corresponding to 


characteristic alternation of ship seaway loading. The load ratio was set to 
r= fun =0.1. 

To gain representative fatigue data, the maximum force F,,,, was set 
within a range of 0.45Fu< Fray <0.8Fu, where Fy; was the mean ultimate 
force defined by the static tests executed prior to the fatigue testing. 

Onset of separation of the composite laminate from capture of the metal 
laps was regarded as a failure criterion for the static tests. A crack size of 
~10% of the extent of the metal-composite interface was chosen as the fail- 
ure criterion for fatigue testing. 

An MTS Model 880 servo-hydraulic test frame equipped with wedge 
action grips was employed for load application and specimen restraint. An 
MTS Model 661.23A-01 load cell with a maximum capacity of 250 kN 
was applied to generate the test tensile force. 

Software designed by WMT&R was used to provide means for simul- 
taneous readings of time, displacement, and load. As before, the master curve 
technique expressed in formulas (4.16) and (4.17) was employed to unify the 
test data, corresponding to the selected 100-s norm of test loading to provide 
a proper basis for test results comparison. 

Control measurements of all test specimens were carried out prior to the 


testing. This did not reveal any specimen width variation exceeding £0.5% 
of the nominal width value, and due to insufficiency these dimensional devi- 
ations were neglected in the following analysis of the test data. 


4.8.2 Static Testing 


The test data on load-bearing capability of the champion joint configuration 
are presented in Table 4.2, including the one- and two-side debulking 
options, denoted as “1S” and “2S,” respectively. Both absolute values of 
the ultimate test load for standardized length of loading and the relative 
values of the strength of the plain adhesive bond are shown. 


Table 4.2 Summary of champion static test data, adapted from Khodorkovsky and Shkolnikov (2011) 


Ultimate load comparing to reference 


Ultimate 

linear load, Plain- Bonded- NJC’s adhesive Composite 
Specimen category MN/m Config. 1-Aaa bonded joint bolted joint bond laminate 
Comeld-2 champion 
1S 2.344 0.26 0.91 2.2 0.90 1.6 0.57 
28 2.7140.16 1.05 2.5 1.05 1.8 0.66 
References 
Configuration 1-Aan 2.57 + 0.28 1.0 2.4 0.99 Lat 0.63 
Plain-bonded joint 1.08 0.19 0.42 1.0 0.42 0.72 0.26 
Bonded-bolted joint 2.59 1.01 2.4 1.0 127 0.63 
NJC’s adhesive bond 1.50 0.58 1.4 0.58 1.0 0.36 
Composite laminate 4.104 0.09 1.59 3.8 1.60 21 1.0 
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Also, load-bearing capability of other joint configurations and material 
coupons under in-plane tension are presented here for reference. These 
include the best Comeld-2 configuration, 1-Aax from the preceding test 
round; the baseline plain adhesively bonded joint outwardly identical to 
the Comeld-2 champion; a bonded-bolted joint, the most structurally effi- 
cient hybrid joining option available to date, test data on which are courtesy 
of NSWCCD (Loup, 2010); the NJC adhesive bond introduced in 
Section 3.3, test data on which are borrowed from (Brown, 2004); and a 
material coupon of the composite laminate utilized within the joint, test data 
of which are courtesy of USNA (Mouring, 2009). 

Note that although the bonded-bolted joint presented here has a sim- 
ilar layout (except for the use of bolts instead of pinning) and utilizes the 
same material grades as those used for the Comeld-2 bonded-pinned 
joint, contrary to the Comeld-2 this has a double-thick composite middle 
plate. As the load-bearing capability of a bonded-bolted joint under in- 
plane tension is roughly linearly proportional to the middle plate thick- 
ness, the actual strength value Fyy=5.18 MN/m, reported by Loup 
(2010), is reduced to Fy =2.59 MN/m to render provide a proper com- 
parison basis and make all the compiled test data comparable. 

Note also that the load-bearing capability of the composite laminate 
presented here for reference is not fully applicable to joint structural perfor- 
mance within a ship hull. The applied in-plane tension that represents the 
worst load case for a butt joint’s performance does not reflect a complex 
loading intrinsic to hull structure operation with the prevailing transverse 
bending. For this load case, for which the metal double-lap design was 
specifically selected, the Comeld-2 hybrid panel greatly surpasses perfor- 
mance of an ordinary mono-material panel, either composite or metal. 
Results of the transverse impact testing of the Comeld-2 joint presented 
in Section 4.2 testify to this advantage. 

As can be seen, the champion Comeld-2 specimens of the 2S-series 
exhibit superior performance to all joint references, including the stron- 
gest existing bonded-bolted joint option. Specifically, 2.5 superiority of 
the 2S-series in load-bearing capability under static loading is demon- 
strated comparative to the conventional adhesive bond, and there is an 
approximately 5% advantage over the strongest existing, but substantially 
heavier, more labor intense, and costlier state-of-the-art bonded-bolted 
joint. 


118 ~~ Hybrid Ship Hulls 


The Comeld-2 champion design exhibits superior structural performance to all 
hybrid joint options available to date, including the strongest existing 
bonded-bolted joint. Specifically, 2.5 superiority in load-bearing capability 


under static loading is demonstrated when compared to conventional 
adhesive bonding, and there is also an approximately 5% advantage over the 
strongest existing, but substantially heavier, more labor intense, and costlier 
state-of-the-art bonded-bolted joint. 


The 1S-series is notably (16%) lower in performance than the 2S-series. 
Nevertheless, it deserves to be kept as an acceptable option due to its fairly 
simpler material processing, which may turn out to be the only option for 
manufacture of intricate hybrid parts for a real hull structure. 

The graph in Figure 4.12 summarizes the results of the ambient-altered 
static testing of the champion joint for five distinct testing environments: cool 
temperature dry (CTD); room temperature dry (RTD); room temperature 
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Figure 4.12 Champion performance envelope, adapted from Khodorkovsky and 
Shkolnikov (2011). 
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wet (RTW); elevated temperature dry (ETD); and elevated temperature 
wet (ETW). 

Overall, the ultimate strength range of the joint is 0.68 < S< 1.20, 
where S stands for a normalized value of the ultimate strength for the given 
alteration of ambient conditions, i.e., for the ratio of an experimentally 
acquired absolute strength value determined at given particular ambient 
conditions and the strength value under normal testing conditions. 

On the whole, the obtained ambient-altered test data represent a perfor- 
mance design envelope allowing for determination of joint load-bearing 
capability for an arbitrary operational situation. It should be noted that 
the strength variation corresponds well to that of'a plain structural composite 
due to its governing role in the hybrid joint’s load bearing. 

The performed champion joint tests have resulted in three slightly dif- 
ferent failure modes of individual joint specimens. One of the modes is 
adhesive-cohesive de-bonding of the metal-composite interface accompa- 
nied by the lap plates folding outward from the composite and pulling it 
from lap capture. Another is delamination of the composite plate itself 
within the lap. And the third mode observed is a combination of those 
two ordinary failure modes. 

It should be stressed that the discerned variety of acquired failure 
modes is associated with a relatively narrow range of ultimate strength 
values. This indicates that the selected pattern of metal protrusion and, 
hence, metal-to-composite interface of the champion Comeld-2 have 
practically attained their maximum possible level of performance. Due 
to this, any further improvement of the joint as a whole should be sought 
beyond the interface pattern, but rather relatively to the metal tip tapering 
and/or some extension of the bonding area at the metal-to-composite 
interface. 

The significance of pinning and its interaction with bonding for 
Comeld-2 load-bearing capability along with the substantial distinctiveness 
of ultimate strength values is illustrated by the results of the strain-gauging 
that accompanied the static testing. Two outwardly identical joint speci- 
mens, one pertaining to the Comeld-2 champion cluster and another rele- 
vant to the plain bond, underwent the strain-gauging, for which Vishay 
Micromeasurements uniaxial general purpose strain gauges, item #CEA-06- 
250UW-350, were utilized. 

The quantitative data obtained on distribution of the strain along the 
composite-metal interface is presented in Figures 4.13 and 4.14 for the plain 
bond and champion Comeld-2, respectively. 
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Figure 4.13 Strain distribution along material transition of plain bond, adapted from 
Khodorkovsky and Shkolnikov (2011). 
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Figure 4.14 Strain distribution along material transition of champion Comeld-2, 
adapted from Khodorkovsky and Shkolnikov (2011). 
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The present charts illuminate well the influence of pinning on Comeld- 
2’s performance. The bonded-pinned joint demonstrates intensified 
involvement of joint material in load-bearing, which substantiates the 
observed improvement in structural performance compared to the plain 
bond. It should be emphasized that this experimental result is fully consistent 
with the outcome of the computer simulations presented in Shkolnikov 
et al. (2009) and discussed in detail in Section 4.1 above. 


4.8.3 Fatigue Testing 


Along with static testing, both the champion bonded-pinned joint and plain 
adhesively bonded joint underwent low-cyclic triangular waveform test 
loading. The graph in Figure 4.15 plots the acquired fatigue data pertaining 
to the two hybrid joining options. 

Here markers represent dimensionless ratios of the experimentally deter- 
mined fatigue strength and the ultimate static strength of the champion joint 
against the cycles count. The actual cyclic test results are added to the graph 
with ultimate strength data determined under the normal conditions of static 
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Figure 4.15 Combined chart on fatigue performance, adapted from Khodorkovsky and 
Shkolnikov (2011). 


122 — Hybrid Ship Hulls 


testing and used here as half-cycle fatigue data. To make the static-origin 
data consistent with the results of the cyclic loading, those values have been 
reduced to frequency f=0.133 Hz, employing the load rate unification 
technique based on the master curve notion. 

The graph in Figure 4.15 also presents estimated fatigue performance 
derived from a semi-logarithm approximation of the strength-cycles dia- 
gram conventional for fatigue characterization of structural PMCs. Specif- 
ically, the following expression regarding normalized fatigue strength Gp is 
utilized 

o 


Or = = Bn - Bn log io (N) (4.27) 


where G+ Is fatigue strength under a given count of cyclic loading; S is the 
mean ultimate strength at normal static loading conditions; By and fy are 
fatigue parameters intrinsic to a particular hybrid joint pattern for standard 
cycling frequency and normal ambient conditions. Specifically, the fatigue 
parameters revealed in the presented joint testing are as follows: 

* For plain adhesive bond: By=1.094; 6 y=—0.089 

* For champion Comeld-2: By=1.176; By=—0.208 

The two experimentally defined strength characteristics, ultimate static 
strength and fatigue strength versus cycles count, represent the prime deter- 
minants of structural performance ofa hull structure. Generally speaking, the 
static strength governs structural efficiency for short-term, episodic, and/or 
dynamic loading, distinctive to warship operation, whereas fatigue perfor- 
mance is a principal characteristic of hull long-term load-bearing capability 
pertaining to regular, e.g., seaway, operation. 

As can be seen in the graph in Figure 4.15, although the champion joint 
manifests significantly higher (2.5) load-bearing capability under short- 
term loading than the plain bond does, fatigue performance of the two 
for long-term loading is fairly similar. 

The observed disproportion is justifiable in view of the added stress con- 
centration caused by multiple insertions of protruded metal pins into com- 
posite laminate. This makes a bonded-pinned joint somewhat more sensitive 
to fatigue loading compared to the plain bond. It should be noted that the 
state-of-the-art bonded-bolted joints, conceptually similar to the bonded- 
pinned Comeld-2, manifest the same phenomenon of lowered fatigue per- 
formance. The ordinary bolting in turn exhibits an even higher degree of 
downgrade. 

The fatigue data given in Figure 4.15 essentially represent the perfor- 
mance of the two utmost configurations of a bonded-pinned joint, one with 
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an optimized protrusion pattern that supplies the feasible maximum of joint 
load-bearing capability under static loading, and the other with no pinning 
presence at all. Apparently, there is an opportunity to tweak the metal pro- 
trusion and thereby rationally balance joint structural performance, as the 
highest attainable ultimate strength is not required for a particular joint appli- 
cation. In this case, the pin sizing can and should be somewhat decreased to 
enable a proportion of joint static and fatigue strength that best fits the joint’s 
particular operational assignment. 


Comeld-2’s load-bearing capabilities under static and fatigue loading can be 
rationally balanced by tweaking the metal protrusion respectively to a 


particular joint application assignment not requiring its highest attainable 
ultimate strength. 


Figure 4.16 illustrates this notion for the experimental data as a function 
of the relative density of the pinning 6 ranging as Onin <0 < Omax- 

Here, density 6,,;,=0 implies no pinning, for the plain adhesive bond, 
whereas Omax=1.0 refers to the maximum feasible number of pins 
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Figure 4.16 Ultimate static and fatigue strength versus density of pinning. 
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incorporated into the composite laminate of a bonded-pinned joint corre- 
sponding to that of the champion Comeld-2 configuration. 

For instance, as the doubled ultimate strength of the plain adhesive bond 
(instead of the maximum available 2.5) is considered sufficient for a par- 
ticular Comeld-2 application, it is appropriate to employ pinning corre- 
sponding to its intermediate density 60.670 ax, Which is associated 
with significantly improved fatigue performance, related to a fatigue strength 
incline of roughly Bx + — 0.167, instead of that intrinsic to the Comeld-2 
champion (Bj; =— 0.208). 

Reliability is another critical attribute of structural performance that 
needs to be evaluated for the serviceability and structural/weight efficiency 
of a hybrid structure. In this matter, the champion Comeld-2 is notably 
superior to the plain bond. The coefficients of variation regarding the 
obtained test data of the two joining options are 5.57% and 17.3%, 
respectively. 

With this outcome, the bonded-pinned Comeld-2 technology comes to 
the fore as the best hybrid joining option for heavy-duty naval/marine struc- 
ture application for the entire set of performance parameters for manufac- 
turability and serviceability, including joint load-bearing capability, 
reliability, weight effectiveness, and maintainability. 


4.9 TECHNO-ECONOMIC APPRAISAL 


Along with serviceability requirements, cost affordability is one of the 
principal criteria when considering the practicality and suitability of a 
new shipbuilding technology. While structurally superior, Comeld-2’s 
manufacturing cost is to a certain extent higher than that of a plain adhesive 
bond, due to the added metal protrusion operation. This is particularly 
noticeable at the current research, not-yet-industrial state of Comeld-2 
development. However, the robustness and reliability of a plain adhesive 
bond are substantially less than those of Comeld-2, which typically inhibits 
its application for heavy-duty naval structures. 

Meanwhile, the weight and cost of Comeld-2 are considerably lower 
than those for both the bolted and bonded-bolted joints common for naval 
uses. These weight and cost advantages are due to elimination of the weighty 
bolt-nut components and exclusion of the related labor-intensive hole dril- 
ling and bolt-nut coupling operations. 

The weight savings of a ship hull structure are essentially convertible 
into cost savings by Comeld-2’s contribution to reduction of the ship’s 
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displacement, enhancement of her payload capacity, lowered energy con- 
sumption, and relevant fuel economy, among other advantages. Hence, 
to provide fair judgment on Comeld-2 affordability, its cost should be 
assessed by taking into account both the anticipated manufacturing expenses 
and associated indirect cost savings. Otherwise, an incomplete cost evalu- 
ation may ill-advisedly put off use of the progressive Comeld-2 hybrid 
joining technology for beneficial industrial implementation. 

To clarify the issue and alleviate the encountered concern about cost 
effectiveness and affordability, weight and cost of a conceivable replacement 
of the ordinary bolted joint with Comeld-2 was estimated. To be specific, 
the bolted joint currently employed to mount the composite topside struc- 
tures on the deck of the DDG-1000 Zumualt class destroyer was used as a 
baseline for the weight and cost assessments. The following algorithm is 
employed for the rough order-of-magnitude (ROM) estimates. 

The anticipated weight savings, A W, resulting from the conceived joint 
replacement for a ship, is expressed as 


where Wz and Wc: denote weight rates per linear unit of the joint extent for 
the bolted and Comeld-2 joints, respectively; L; is the total length of the 
composite-to-metal seam. 

Per Brown’s (2004) assessment, the weight rate of the bolted joint uti- 
lized for the composite superstructures of the DDG-1000 class destroyer 
is Wg=162 kg/m, whereas that of the new NJC adhesively bonded joint 
(Simler and Brown, 2003) is Wayc=94 kg/m. The weight estimate of 
Comeld-2 that exceeds structural efficiency of either bolted or NJC adhesive 
joints (Table 4.2) is substantially less. It is Wo2=29 kg/m for the champion 
Comeld-2 configuration. 

Due to this weight advantage, the potential replacement with Comeld-2 
would result in Aw= 133 kg/m of direct weight savings per linear meter of 
joint extent. In the case of use of a Toray T700-based CFRP such as that 
employed for the DDG-1000’s composite structure (LeGault, 2010) instead 
of the GFRP employed for the Comeld-2, the weight savings would be 
even more significant. 

Depending upon a detailed structural design, the total length of joint L; 
needed to attach a composite superstructure to the metal hull might range 
broadly. According to Anon. (2011) the only found publicly released the seam 
extent of, the DDG-1000 composite deckhouse, skirted with the metal, 
requires more than L,,=6100 m of welding to the base metal structure. 
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Presumably, this should correspond to the length of the metal-to-composite 
joint. The given weld extent probably implies its aggregated value pertaining 
to two-sided welding of two metal lap plates used for both composite topside 
structures, the deckhouse and hangar. As such, the total length of a hybrid 
joint line is about L; ='"/, 1525 m. While traceable, the estimated total 
length of a hybrid joint line seems unrealistically excessive. 

To avoid any notable overstatement of Comeld-2 weight and cost 
effectiveness associated with the dimensional uncertainty, a conservative 
rough magnitude of the total length of the hybrid joint is utilized for cost 
assessment. According to the dimensions of the composite part of the deck- 
house, which per LeGault’s (2010) report is 39.6 m long by 18.3 m wide, 
the total length of the composite-metal seam L; is presumed to be on the 
order of L;~300 m. This includes both outer seams at the metal skirts of 
the composite deckhouse and hangar shells as well as the metal-to- 
composite connections of the inner structural members of those topside 
structures. 

For this conservative supposition, the direct weight savings are still 
significant. According to expression (4.28), they are A W* 40 tons per ship, 
i.e., 3.7% of the weight of the entire composite topside structure. Per 
Lundquist’s (2012) input, this is the sum of the weight of the composite part 
of the deckhouse Wp;= 900 tons and that of the hangar W,;= 200 tons, 
i.e., Ws=1100 tons total. 

The cost advantage AC of a Comeld-2 application is assessed using the 
following expression 


Chr 
Ns 


AC= (cg—¢c2) Lj — (4.29) 
where cg is the cost rate of processing ofa linear unit of the bolted joint; cc is 
the cost rate for Comeld-2 processing that comprises two major compo- 
nents, c4 for the adhesive bonding and cgz representing the cost of EB metal 
surface protrusion, i.e. 


Cc2 =a + Cp (4.30) 


C,,_, in turn represents nonrecurring expenses, particularly associated 
with the capital cost of EB equipment and the cost of some additional engi- 
neering efforts to tweak a protrusion pattern corresponding to any imposed 
specific design requirements; N, is the number of ships of the class for which 
the EB equipment is to be purchased, the protrusion process modified, and 
the related nonrecurring expenses amortized. 
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Per Brown’s (2004) estimate, the processing cost of the bolted joint is 
cp= $2190 m', versus that of the NJC adhesively bonded joint, 
c4=$820m~'. Apparently, this rate includes expenses covering the 
required machining of both the metal shoe and one side of the composite 
panel as well as the secondary bonding operation, embodying the NJC’s 
main processing components attributable to the NJC joint (Simler and 
Brown, 2003). 

In contrast, the Comeld-2 adhesive bond processing is associated with 
virtually no considerable extra cost as the molding of the composite part 
is co-processed with the metal parts adhesive bonding. Hence, it is fair to 
assume in the framework of the ROM estimate that the cost rate c4 for 
Comeld-2’s adhesive bond component is roughly c40. 

The EB processing cost component cgz for the required protrusion of a 
100-mm-wide metal surface should be about $190 m7 ', as reported by 
Khodorkovsky et al. (2009), based on the courtesy input of EBTEC 
Corporation. 

Given that two metal lap plates are required to implement Comeld-2 
joining, the cost rate of EB metal treatment per unit length of the seam is 
Cep= $380 m'. Consequently, according to expression (4.30), the full cost 
rate of Comeld-2 processing is (co ¥ Cep= $380 m!. 

The capital cost of an EB station is ~$235K, for the capacity of a vacuum 
chamber sufficient to protrude the 100-mm-wide surface of 2.7-m-long 
plate, suitable for the intended protrusion of the metal lap plates. Another 
nonrecurring Comeld-2 cost for engineering of the EB protrusion is about 
$14.5K (Khodorkovsky et al., 2009). Jointly, the nonrecurring expenses 
amount to C,_,%$250K. 

Presuming that, corresponding to the initial plans, a series of at least three 
Zumuvalt class destroyers is to be built, i.e., N,=3, and the total joint length is 
to be at least L;~ 300 m, the direct cost savings ensuing from the conceived 
replacement of the bolted joint with Comeld-2 would be, according to 
expressions (4.29) and (4.30), as high as AC=$460K per ship. 

While this isa meaningful amount, the estimated direct cost savings is not 
the only source for the cost savings. That is augmented substantially by tak- 
ing into account the weight saving of AW =40 tons per ship that is to be 
converted to cost savings. For instance, the high-performance CFRP cur- 
rently employed for the Zumwalt’s topside structures could be partially 
replaced with a substantially less expensive but relatively weighty GFRP. 
Supposedly, the weight savings collected is sufficient to replace approxi- 
mately 140 tons of CFRP. With such a material changeover, the indirect 
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Table 4.3 Anticipated ROM cost and weight savings 


Estimate Conceivable savings 
Direct Indirect Total 
Weight, Cost, Weight, 
Joint type tons SM tons Cost,$M _  Cost,$M _ Cost, $M 
Bolted 49 0.657 
joint 
Comeld-2 8.7 0.197 40 0.46 18 18.46 


reduction of the ship construction cost on the order of ~$18M per ship 
might be added to the direct cost savings. 

Table 4.3 summarizes the ROM assessment of the weight and cost sav- 
ings per ship associated with the conceivable use of Comeld-2 to mount the 
composite topside structures on the metal base of the DDG-1000 Zumwalt 
class destroyers instead of the currently employed bolted joint. 

It should be noted once again that while the presented savings expectations 
are significant, they are based on cost estimates for the current non-industrial, 
research stage of Comeld-2 development. Presumably, these savings would be 
notably increased as both major cost components of Comeld-2 implementa- 
tion—the cost of EB Surfi-Sculpt material processing and that of nonrecurring 
engineering expenses—are reduced upon attaining broad industrial applica- 
tion of Comeld-2 technology. 


4.10 COMELD-2 READINESS 


The principal accomplishments of Comeld-2 development pertaining to the 

transition of this advantageous hybrid joining technology to fleet use are 

multifold. The US Navy technology readiness level (TRL) is constituted 

by the following: 

* Validated feasibility and structural efficiency, TRL-3 

¢ Developed principle manufacturing processes suitable for large hull con- 
struction application, TRL-4 

* Selected effective math models and devised structural design analysis 
technique, TRL-4 

* Demonstrated “in-fleet” reparability, TRL-4 

* Selected optimized champion design configuration, TRL-4 

* Fabricated full-scale champion Comeld-2 hybrid panels and test articles, 
TRL-4 
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¢ Executed comprehensive mechanical-environmental testing of Comeld- 

2 champion configuration, TRL-5 
* Compiled experimental data sufficient to specify design allowables per- 

tinent to hybrid hull outfitting with Comeld-2 material-transition/joint 

skirt, TRL-5. 
On the whole, the attained results constitute a substantial basis for the 
targeted transition of the novel hybrid joining technology to fleet 
implementation. The upgraded Comeld-2 design along with the 
employed material processing techniques, both EB Surfi-Sculpt metal 
treatment and modified composite VIP, enable the sought improvement 
of structural efficiency of a hybrid joint and a hybrid hull as a whole. 
Structural performance of the selected Comeld-2 champion configura- 
tion is 2.5 times greater than that of its plain bond counterpart and dem- 
onstrates practically the same (5% higher) structural performance of a 
state-of-the-art bonded-bolted joint, the most structurally efficient, but 
excessively heavy, labor intensive, and costly joining option available 
to date. 
The achieved level of Comeld-2 structural efficiency for short-term 
loading enables multiple functional, operational, weight, and cost benefits 
associated with realization of the hybrid hull concept. In view of this 
encouraging result, Comeld-2 is considered a sound alternative to the exist- 
ing state-of-the-art hybrid joint options for assorted naval platforms utilizing 
the hybrid hull concept. 
To authenticate this positive outlook, an expert’s comparative scoring of 
the key performance parameters is presented in Table 4.4, which combines 
qualitative and available ROM quantitative data for both commonly used 
existing and novel joining options. 
The following denotations identify the scored joining options. 

A) Plain adhesive bonding 

B) NJC adhesive bonding (Simler and Brown, 2003) 

C) Ordinary fastened (bolted/riveted) joint 

D) Combined bonded-fastened (bonded-bolted) joint 

E) Bonded-pinned Comeld-2 joint. 

The qualitative grades of the key performance parameters of distinct types of 

hybrid joints presented in Table 4.4 imply the following: 

* Excellent—uncompromised performance associated with minimal risk 
of failure 

* Fair—sufficient to satisfy the existing service requirements with lowered 
effectiveness and/or with moderate risk of malfunction 
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Table 4.4 Scoring matrix for hybrid joining options 


Categories 


Key performance parameters 


Sub-categories 


Integrity w/hull 


structure 


A B 


C 


Scores on joining options 


) 


Reliability 


Structural 
performance 


Robustness comparing 
to “A” option 


Endurance 


Impact resistance 


1.0 | 1.4* 


2.4 


2.5 


Weight, kg/m 


29 | 94* 


G2 


ise 


29 


Watertightness 


Manufacturability 


Repeatability 


Labor intensity 


Process automation 


Maintainability 


Inspectability 


Corrosion resistance 


Reparability 


Associated risk 


Processing, $/m 820* | 2190 | 2190” | 380 
Maintenance 

Nonrecurring, $K/ ship 83° 
Readiness, TRL 8 6 8 6 5 


Risk mitigation 


Denotations 


Excellent 


“Per Brown’s (2004) data. 
Best guess—relevant qua 
“For a three-ship series. 


ntitative data are unavailable. 


* Poor—incapable of providing requisite service performance, necessitat- 


ing intensified labor operations, excessive material consumption and 


weight, and/or added specialized measures. 
Although the given scoring is fairly subjective, it helps to provide an over- 
view and comparison of assorted joining options with regard to all key 
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performance parameters, including structural performance, manufacturabil- 
ity, maintainability, cost, and capability of mitigating associated risk. 

As can be seen, the Comeld-2 concept is a certain winner, earning the 
highest aggregated score, and due to this is the most appealing hybrid joining 
option for assorted heavy-duty applications. For this reason, Comeld-2 
technology should be developed further, targeting a pilot and then a full- 
scale implementation for a naval platform utilizing the hybrid hull concept. 

In particular, design, fabrication, and testing of a large full-scale technol- 
ogy demonstration panel (TDP) to attain TRL-6, required for implemen- 
tation of a new technology for a pilot naval structure, should be fulfilled. 

Additionally, serviceability characterization of hybrid structures needs 
certain methodological advancement, primarily with regard to possible ther- 
momechanical interaction of dissimilar components during long-term 
service. 

The existing ship design guidelines, including the state-of-the-art Design 
and Classification Rules/Guides (2003, 2012), are mainly dedicated to a sep- 
arate application of either metal or composite structures and do not specifically 
address peculiarities inherent to service behavior of hybrid, heterogeneous 
structures. Hence, an advanced analytical technique is necessary to bridge 
the methodological gap. An advanced concept of serviceability characteriza- 
tion of composite and hybrid structures undergoing changing force-ambient 
operational exposure is delineated in Chapter 5 in an attempt to meet this 
requirement. 
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CHAPTER 5 


Serviceability Characterization 


Being in service, a ship’s hull undergoes broad-ranging force-ambient expo- 
sures, the deteriorative influence of which greatly affects structural behavior, 
interaction, and load-bearing capability of hull structures. This relates to 
every loading occurrence, be that impulse, vibration, short-term quasi- 
static, or long-term protracted or repetitive force exposure. Accurate char- 
acterization and prediction of service performance embody, in fact, one of 
the principal problematic aspects of structural engineering, which 1s partic- 
ularly challenging regarding heterogeneous structural systems. Chapter 5 
addresses methodological aspects of serviceability evaluation of composite 
and hybrid structures undergoing changing operational loading. The 
imparted analytical approach represents an attempt to advance the accuracy 
of serviceability evaluation based on the kinetic theory of fracture and other 
well-justified physical and math models. 


5.1 EXISTING APPROACH 


Whatever the particular destination of an engineered structure, it needs 
design verification of requisite robustness under anticipated force-ambient 
operational exposures for the assigned lifetime. While in service, a ship’s hull 
undergoes broad-ranging force-ambient exposures which greatly affect 
structural behavior, interaction, and load-bearing capability. This relates 
to every loading occurrence, be it impulse, vibration, or short-term 
quasi-static, or long-term protracted or repetitive force exposure. Most of 
these are typically accompanied by altering temperature and/or other dete- 
riorative factors of the harsh operational environment. 

An accurate characterization and prediction of service performance is 
one of the principal problematic aspects of structural engineering. It is par- 
ticularly challenging for heterogeneous structural systems due to the possibly 
substantial diverse service properties of the utilized materials and, in the case 
of a PMC application, enhanced sensitivity to force-ambient conditions. 

Along with employment of advanced math models, computational algo- 
rithms, and computer software for design stress/strain analyses, serviceability 
evaluation demands extensive experimental verification of analytical 
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estimates for all PMC material systems chosen for a particular hull structure. 
Massive static, dynamic, and ambient-mechanical fatigue testing of material 
coupons, full-scale test articles, and prototype structures is routinely 
required. While these tests are typically quite time consuming and costly, 
shortage of those is fraught with risking either unwarranted excessiveness 
or deficiency of structural robustness. Either of such outcomes is objection- 
able, as the first may cause extra weight, decreased structural efficiency, and 
excessive cost; whereas the other would downgrade serviceability of the 
designed structure, compromising the reliability and safety of its operation. 
The heterogeneity of hybrids aggravates the problem due to the diversity 
of structural and physical properties when utilizing dissimilar material sys- 
tems which may cause considerable extra stressing, affecting the load- 
bearing capability of the entire hybrid hull or shortening its lifetime. 


The heterogeneity of hybrids aggravates the problem of accurate serviceability 
characterization due to the diversity of structural and physical properties of 


utilized dissimilar material systems that may cause considerable extra stressing, 
affecting load-bearing capability of the entire hybrid hull or shortening its lifetime. 


The differences in densities, moduli of elasticity, fatigue performance, 
and rates of thermal expansion are the main potential contributors pertaining 
to this phenomenon. 

For this reason, direct translation of existing standards specifying design 
allowances for mono-material structures may be deficient for a hybrid struc- 
ture, leading to either under- or over-design, possibly succeeding with 
noticeable cutback of anticipated structural and other functional benefits. 
Therefore, it is vital to enhance the existing strength reconciliation routine 
to properly reflect the peculiarities intrinsic to hybrid structures and their 
service. 

The common approach for verification of a structure’s robustness for a 
given variety of operational loadings and an assortment of employed material 
and structural systems is design reconciliation of the maximum combined 
stress 6,, (and/or deformations 6&,,), induced within the structure with 
design-allowable stress 6, (deformation é,). Analytically, this is expressed 
by strength acceptance criteria to be satisfied: 


On<Oq (5.1) 
Em S Eq (5.1a) 
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Specification of the design allowables o, (€,) requires diverse consider- 
ations. They are determined based on the mechanical and physical properties 
of structural materials and downgraded corresponding to anticipated deteri- 
oration of those materials under long-term force-ambient operational expo- 
sure and the given safety margin. 

PMCs are more sensitive to the deteriorative influence of the harsh 
marine operational environment than are structural metals. Each partial 
force-ambient exposure contributes to deterioration of the PMC in service. 
For this reason, the whole array of deteriorative factors of ship operation 
should be taken into account to ensure proper robustness of the compos- 
ite/hybrid structure for its service life. 


Due to enhanced sensitivity of PMCs to the deteriorative influence of the harsh 
marine operational environment, essentially the whole array of deteriorative 


factors of ship operation should be taken into account to ensure proper 
robustness of the composite/hybrid structure for its service life. 


In general, those factors consist of length of sustained or repetitive load- 
ing, thermal exposure, seawater moistening, and exposure to UV and/or 
other irradiation. 

The safety margin in turn is a measure of structure criticality for proper 
functioning of the ship and its components, uncertainties pertinent to char- 
acterization of the anticipated operational loading, accuracy of employed 
math models used for stress/strain and failure analyses, and possible scattering 
of PMC properties due to the variable properties of unprocessed PMC con- 
stituents and versatility of applied material processing during composite/ 
hybrid structure manufacturing. 

Accordingly, the design stress allowables o, are expressed as 


O,=— (5.2) 


where G4 is a design stress value that implies PMC ultimate strength S, 
reduced corresponding to the anticipated material deterioration during its 
service; f, is safety factor that quantifies the assigned safety margin. 

It should be noted that the safety factor may be alternatively presented 
within the maximum stress value o,,, of Equation (5.1), as it is the practice 
in other industries, e.g., airframes design. 
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To quantify PMC deterioration during its service within a structure, 
partial knock-down coefficients k;, corresponding to the intensity and 
length of operational exposures and resistance to those ofa particular mate- 
rial system, are typically applied. The combined deteriorative effect of 
diverse deteriorative factors as a product is the most common approach, 
expressed by 


m 


oi=S| [ki (5.3) 
i=1 


where Sis the ultimate strength of PMC for its particular failure mode deter- 
mined under normal testing conditions; m is the number of deteriorative fac- 
tors to be taken into account. 

Note that the two expressions (5.2) and (5.3) are often combined into 
one, proceeding with a generalized safety factor f ,- In this case, to represent 
all strength-reducing factors counted in (5.2) and (5.3), the generalized safety 
factor f, is expressed, as in the references (DNV, 2012; Greene, 1997; RD 
5.1186-90; Smirnova et al., 1984), 


-1 
m 


F=f [ [ki (5.4) 
i=1 


or 


ds (5.5) 


1 
— n 
Taki 
Here # is the extended number of partial factors taken into account, 
including both groups of reduction coefficients, reflecting material deterio- 
ration for long-term operation and the quantified safety margin. 
This approach makes determination of design allowables for a compos- 
ite/hybrid structure similar to that for common metal structure design, 
expressed as 


> 
ie 


where, in the case of a metal structure, S would stand for the yield point S,. 


O,= 


(5.6) 


Evidently, both these expedients produce the same values for design 
allowables. Nevertheless, the discrete representation of the two distinct 
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groups of reduction factors is preferable, as it precludes the designer 
experiencing the illusion that the safety margin is excessive. 

Currently, determination of the partial knockdown coefficient k; 
heavily relies on empirical relations derived from extensive experimentally 
acquired data on PMC serviceability under assorted force-ambient 
exposures. 

The knockdown factors may be determined with different levels 
of detail, employing distinct computing procedures. In fact those pro- 
vided by assorted design guidelines vary significantly. For instance, 
ABS (2007) and DNV (2012), both relevant to essentially the same 
class of high-speed naval craft, express similar, quite simplified require- 
ments for knockdown determination. In particular, for the primary 
PMC structural components of those naval crafts, including the bottom 
shell, side shell, decks, superstructure, and deckhouses, the allowed 
stress is the same, ¢,=0.33S, implying a generalized safety factor of 
f,=3.0. 

Contrary to this, DNV (2010) that represents another worthy source of 
the design guidelines pertaining to heavy-duty marine composite structures, 
particularly to structural components of offshore platforms, provides 
meticulously detailed and distinguished values for design allowances consis- 
tent with the outcome of a target study reported by Echtermeyer et al. 
(2002). 

A compromise between these two extreme approaches is given by 
Smirnova et al. (1984). This provides an array of tabulated partial coefficients 
k; for expression (5.5) with reasonable detail, for anticipated ranges of oper- 
ational conditions, criticality of a particular structure, and other factors 
influencing design considerations. 

Table 5.1 replicates the generalized array of downgrading coefficients k,, 
originally presented by Smirnova et al. (1984), with slightly tweaked values 
corresponding to accuracy of the currently available computing means, 
properties of modern PMC compositions, and the superiority of up-to-date 
manufacturing technologies. 

Note that data imparted in Table 5.1 do not precisely define the partic- 
ular coefficients k;. Rather, they demonstrate a variety of magnitudes for the 
discrete knockdown/safety factors and estimate both the degree of material 
deterioration and value of the generalized safety factor for a particular struc- 
ture operational scenario. 
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Table 5.1 Performance downgrading factors 


Coefficient 
i Category Description values 
1 Criticality of structure Vital for ship serviceability 0.85—0.90 
Significant for ship operation/ | 0.90-0.95 
crew functioning 
Enabling ancillary equipment —_| 0.95-1.00 
and habitability 
2 Characteristic nature of Stochastic 0.85—0.95 
operational loading Deterministic 0.90—-1.00 
3 Accuracy of computer Simplified math models 0.90—0.95 
models and algorithms 2D, 3D FE models 0.95-1.00 
4 Strength reconciliation Linear failure criteria 0.90-0.95 
criteria 2D, 3D failure criteria 0.95—-1.00 
5 Intricacy of structure Thin panels w/insignificant 0.95-1.00 
shape/processing curvature 
Thick/variably-thick panels 0.90—0.95 
w/limited curvature 
Complex structures/joints 0.85—-0.90 
6 QA of material processing | All steps control 0.95-1.00 
Major steps control 0.90—0.95 
7 Moistening/aggressive Sustained 0.85—-0.90 
environmental Repetitive 0.90-0.95 
exposure Sporadic to none 0.95-1.00 
(for unprotected 
structures) 
8 Ambient temperature Up to 80% of heat distortion 0.85—0.90 
temperature 
Up to 50% of heat distortion 0.90-0.95 
temperature 
Normal (room) temperature 1.00 
9 UV/other irradiation (for | Regular 0.85—0.90 
unprotected structures) Sporadic to none 0.95—1.00 
10 | Temporal category of Sustained (t > 10* hours) 0.30—-0.60 
loading Low cyclic 0.45—0.75 
Short term 0.95—1.00 


As can be found based on Equation (5.5) and data provided in Table 5.1, 
the generalized safety factor ranges widely, roughly as 1.0 < f ; <= 5.0, depend- 
ing upon the original structural parameters, anticipated operational condi- 
tions, and the aftermath severity in the event of structure failure. For a 
particular material system and its intended structural application, the given 
ballpark values should be refined based on pertinent experimental data. 
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It should be accentuated that moderate detail of the design down- 
grading factors, such as that provided by Smirnova et al. (1984), allows 
for justifiable optimization of a composite/hybrid hull structure, while 
not dramatically complicating the design strength reconciliation 
routine. This is probably the main reason for keeping this approach 
in effect, till now reflected in the current design guidelines (RD 
5.1186-90). 


5.2 PREREQUISITES OF METHODOLOGY ADVANCEMENT 


Although the existing procedures for specification of design allowables have 
been used for decades, enabling reliable robust design of assorted naval plat- 
forms, they are not sufficiently expedient for up-to-date applications. The 
methodological inadequacy primarily relates to the empirical basis of the 
existing approach, which necessitates execution of extensive experimental 
programs to engender property data sufficient to support specification of 
design knockdowns on multiple material compositions and anticipated 
force-ambient operational exposures. 

The material variety inherent to PMCs that essentially reflects the down- 
side of the advantageous diversity of structural properties of a composite 
largely depends on innate traits, which include: 

* Types of PMC main constituents, both fiber reinforcement and 
polymer resin 

* Forms of fiber material, e.g., woven fabric; non-crimp stitched fabric; 
chopped mat; and mat veil 

* Fiber material layup and its processing, e.g., fabric hand layup; tow place- 
ment; and automated tape layup 

* Molding technology, i.e., open mold; closed-mold VIP; and prepreg 
utilization. 

PMC variety unavoidably leads to expansion of relevant experimental pro- 

grams, leading to excessive time consumption and monetary expenditure 

which may together substantially delay and increase the cost of acquisition 

activities. Often this is a prime factor inhibiting use of the new material 

systems. 

Due to this, it may become impractical to follow the course of a direct 
experiential determination of structural performance for a whole range of 
candidate structural materials and structural components with regard to each 
and every anticipated loading exposure, despite the great dependability of 
this approach. 
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It may become impractical to follow the course of a direct experiential 
determination of structural performance for a whole range of candidate 


structural materials and structural components with regard to each and every 
anticipated loading exposure, despite the great dependability of this approach. 


There is an issue that further compromises the currently employed 
method. It relates to inadequate interpretation of property data ensuing from 
performed experimental programs that may occur as actual parameters of 
performed testing are overlooked. 

As asserted some time ago (Michaelov et al., 1997; Regel et al., 1972), a 
moderate variation of force-ambient parameters is often neglected in analysis 
of PMC test data. This practice probably originates from the legacy of metals 
testing, for which such neglect is not as meaningful as it can be for 
structural PMCs. 

Whatever the reason, the disregard for a subtle variation of loading 
parameters may result in a perceptible misrepresentation of PMC properties 
data, potentially impairing an undertaken structural design. 


The disregard to a subtle variation of loading parameters may result in a 


perceptible misrepresentation of PMC property data, potentially impairing an 
undertaken structural design. 


Inadequate interpretation usually relates to mixed utilization of two dis- 
tinct sets of test data, one ensuing from a monotonic short-term loading and 
the other gained from fatigue testing. While this is a viable approach as the 
difference in loading rates is counted, it may bring a deceptive result when 
that difference is ignored. 

According to test standards (e.g., ASTM D 3039/D 3039M-00), the 
typical required length of a short-term test loading 7 to produce specimen 
failure is within 1 to 10 min, i.e., 60<0<600 s. The frequency of a cyclic 
loading fin turn is expected to be within a range of 10< f<30 Hz, which 
usually corresponds to the requirement to keep it low enough to avoid 
significant temperature variations (ASTM D 3479/D 3479M-96). The en- 
countered difference in roughly three or more orders of magnitude of the 
loading rate is sufficient to cause substantial deviation of the stress-durability 
(S—N) diagram from its true view—typically linear, with semi-logarithmic 
axes—which is fraught with distortion of the factual test data. 
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Contrary to this, properly unified test data would allow for correct spec- 
ification of the design allowables. This is especially important for large com- 
posite and/or hybrid structures, for which even a minor mismatch between 
anticipated and actual material performance could significantly increase the 
weight and cost effectiveness of ship hull construction. 

The extensiveness of test programs as well as the database size issue can 
now be addressed with utilization of analytical methods incorporating 
advanced material failure and damage models which have shown promise 
for use in composite material property and serviceability prediction. Partic- 
ularly, this relates to characterization of PMC deterioration under long-term 
force-ambient exposure, which represents a principal contributing factor to 
structural performance downgrade. Hence, trustworthy analytical models 
capable of adequately reflecting a material’s response to a long-term loading 
allied with its alternation are necessary to allow for meaningful truncation of 
the obligatory experimental programs. 

An analytical approach introduced in the references (Shkolnikov, 1995, 
2007) is capable of meeting this demand with the accuracy suitable for ship 
hull design. The following represents prerequisites and rationales of this 
methodological advancement. 

First, two major groups of the force-ambient factors of operational expo- 
sure experienced by a ship hull in service should be differentiated by the way 
they influence a material’s service performance. One group comprises envi- 
ronmental impacts, such as seawater moistening or UV irradiation, which 
mainly affect one or two external plies of a composite layup. The other uni- 
tes most force and thermal exposures affecting the entire PMC layup. 

Following this distinction, deterioration of the external and internal plies 
of a PMC layup—especially for the thick-walled structures typical for a ship 
hull application—may be addressed differently. For external plies, the meth- 
odology should provided protective measures, such as enrichment of the 
resin content, use of nonstructural protective coating, and/or an application 
of an extra “sacrificial” layer of the utilized structural PMC. 

Inasmuch as the outmost external layer(s) is mainly to protect the primary 
laminate’s part, it can be omitted from the design strength reconciliation, 
with its focus on the primary part and its serviceability. Being protected from 
the direct environmental impact, the primary part of the composite laminate 
is mainly subjected to just two determinant factors of operational expo- 
sure—the force and the ambient temperature. Accordingly, serviceability 
of a PMC subjected to assorted operational exposures may be characterized 
by the influence of only those two determinants. 
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As is known, the endurance of most structural PMCs under constant 
stress @ is congruent with the empirical expression 


T = Aexp(—ao) (5.7) 


where parameters A and a represent time-dependency characteristics of a 
PMC, invariant to the stress level o. They are, however, sensitive to stress 
alteration as well as to changing of ambient temperature, if imposed. 
Accordingly, the magnitude of A and & would alter, pertaining to deterio- 
ration of the PMC under changing force-ambient exposures. 

Meanwhile, the kinetic theory of fracture (Regel et al., 1972; Zhurkov, 
1984; Zhurkov and Tomashevsky, 1966) provides a dependable foundation 
for an analytical representation of PMC endurance based on the kinetic 
characterization of the fracture of solids. For the kinetic-based concept, a 
material’s fracture is considered as a time process, the rate of which is deter- 
mined by mechanical stress and temperature. Specifically, this implies that 
the kinetic thermo-fluctuation controls the origin and growth of cracks 
of all levels, from incipient submicroscopic cracks with sizes of tens of ang- 
stroms to macroscopic cracks. 

As stated by Zhurkov (1984) and Regel et al. (1972), the crack growth 
under loading has been studied for more than 50 assorted solid materials, 
including structural PMCs. Microfilm, electron microscopes, and electron 
paramagnetic resonance have all been employed to measure long-term crack 
growth, in some cases for several decades. Those measurements have shown 
that the growth of main cracks occurs in three phases: 

(1) Origin of incipient microcracks as a result of breaching inter- 
element bonds 

(2) Development and accumulation of these microcracks to critical 
concentration 

(3) Coalescence of secondary microcracks which arise at the tip of the 
main one. 

The interaction and growth of cracks of all dimensions, from submicro- 

scopic and up to macroscopic, occur at an exponential rate of the applied 

mechanical stress and the reciprocal test temperature. The principal outcome 

of this meticulous experimental investigation is validation of the initial 

assumption that the process of material damage under applied loading cor- 

responds well to the kinetic notion of fracture of solids. Without loading, the 

probability of overcoming potential barriers is low and motions of kinetic 

microelements are equally probable. In other words, rare breakage of 

inter-element bonds is compensated for by their restoration. The application 
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of a force upsets this balance, changing distances between the microelements 
and weakening their links along the direction of the force. 

The results of the experimental examination of material endurance sug- 
gest that a universal relation between lifetime t, mechanical stress,o, and 
absolute temperature T exists and can be written in the form of a kinetic 
operation, as 


= Uo — VO 
T=T) SE ae (5.8) 


where kis the Boltzmann constant and To, Up, and y are constant coefficients 
characterizing the time dependency of a material’s load-bearing capability. 

It has been found that parameter Tg is essentially the reciprocal of the nat- 
ural oscillation frequency of atoms in a solid. The constant Up represents the 
binding energy on the atom scale for assorted solids, including structural 
metals and PMCs. The coefficient y is proportional to the disorientation 
of the molecular structure which predetermines its wide variability upon 
constitution of a particular material. 

Expression (5.8) has a typical thermo-fluctuation view, as multiplier 
exp(—;4), or its converted quantity—the “Boltzmann factor”—is widely 
used to describe various thermo-fluctuation processes, such as chemical 
reactions, diffusion, and vaporization, among others. Note that while the 
reported experiments were mainly executed at material tension, it was ascer- 
tained that other loading cases manifested similar relations between time, 
stress, and temperature, as expressed by relations (5.7) and (5.8) 

With regard to an engineering application, it is preferable to express rela- 
tion (5.8) with the equivalent expression 


T=T) exp (= = =) (5.9) 
— bi) aT . 
T 


which implies: 


on 
— (5.10) 
Ps 
— Up 
a5 11 
0 er, (5.11) 
S 
ty = 0S = (5.12) 
c— (5.13) 
5 
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Here T, stands for standardized normal (room) temperature on the 
Kelvin scale, i.e., T,= 293.15 °K; S is the ultimate strength of a PMC 
defined at room temperature and other standardized testing conditions. 

Apparently, as ambient temperature is equal to the standard, i.e., T= T,, 
expression (5.9) adopts its simplified form 


T= Toexp(Wo = O00) (5.14) 


which is completely congruent with the conventional empiric relation (5.7), 
as the parameters thereof are A=tyexp(mo); &= me 
However, contrary to relation (5.7), expression (5.9) enables characterization 
of the length of service life of a composite structure, taking into account both 
principal deteriorative factors, mechanical stressing and temperature exposure. 
Apparently, expression (5.9) can be rewritten in the conventional form 


relative to stress rupture 


6 = B,7 — B,,rlogio(t) (5.15) 


And, similar to (5.9), relation (5.15) reflects the influence of ambient 
temperature along with the accustomed characterization of load-bearing 
capability as a function of the length of loading. 

The values of parameters B,,7 and f,,7 according to (5.9) are 

= Wy + 7 In(10) log 10(To) 


Bur (5.16) 
ay 


mG (5.17) 


Bor= 


oa) 


Note that because the dimensionless parameters % 9; @o; To are invariant 
to direction of applied loading, expression (5.9) is valid for characterization 
of PMC performance regardless of the orientation of its orthotropy axes. 


Imparted kinetic-based analytical expressions are valid for characterization of a 


PMC’s endurance regardless of the orientation of its orthotropy axes. 


Note also that although parameter ve nominally reflects the ambient tem- 
perature alteration, it may rather represent any environmental factor and/or 
a combination of factors when it is a preferable option to the consideration of 
environmental factors suggested above. 

Further, as far as Equation (5.9) presumes unchanging force-temperature 
loading conditions, to characterize PMC performance under altering 
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loading, Equation (5.9) needs be paired with a trustworthy hypothesis on 
material damage accumulation. Bailey’s integral generalizing the hypothesis 
on linear damage accumulation extends such an opportunity to material 
deterioration (damage fraction), D being acquired as a result of an applied 
arbitrary loading. 

Regarding alteration of both principal loading components, mechanical 
stress o(t) and temperature T(f), Bailey’s integral is expressed as 


v 
dt 
p= | COMRO)) eee 


It presumes that damage fraction D acquired during ? length of loading 
may be within a range of 0< D< Dr, where value Dp=1 implies the ulti- 
mate damage fraction to be attained at the ending failure point of material 
lifetime 0 p. 

While providing a favorable opportunity for evaluation and prediction of 
material serviceability under arbitrary loading, a practical application of the 
linear damage accumulation rule has not gained common approval from the 
mechanical engineering community to date. Mainly, the bias against it is due 
to considerable mismatch between predicted and actual experimental data 
accompanying validity verification of this analytical technique. Meanwhile, 
the issue seems to relate not so much to the linear concept itself as to a mis- 
interpretation of the experimental data—an issue that needs to be specifically 
addressed. 

As is well known, the linear damage accumulation rule was introduced 
by Palmgren (1924) and further developed by Miner (1945). In Palmgren’s 
version, a damage fraction D,, accumulated under constant stress level 6; 
during length of loading ¥,, is equal to a ratio of this length of loading 0; 
to the lifetime T,; under the same stress level @;, i.e., 


Dj=— (5.19) 


In Miner’s version, the damage fraction D;, accumulated during loading 
cycles at constant stress amplitude a;, is equal to the ratio of the applied cycles 
count n; at this stress amplitude g; to the fatigue life N; under this stress ampli- 
tude G;, i.e., 


D=— (5.20) 
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Similar to Bailey’s integral (5.18), failure of either Miner’s or Palmgren’s 
version occurs when the ultimate accumulated damage Dr= 1, i.e., when 


N 
Dr=)_D;=1 (5.21) 
i=1 


Substantial test data have been generated in an attempt to verify validity 
of the linear rule for practical use. In most test cases, a two-round loading is 
employed, with specimen testing at an initial stress level o; for a certain 
number of cycles n; followed by a second stress level @2 for mz cycles, until 
failure ensues. 

Results of the original tests, performed by Miner (1945), showed that the 
actual ultimate damage fraction considerably deviated from its nominal value 
Dr=1, in the range of 0.61 <Dp< 1.45. Other researchers have shown a 
substantially larger Dry variation, up to 0.18 < Dr< 23.0. 

Along with the observed discrepancy in magnitude of the ultimate dam- 
age fraction, experimental verification of the concept also tends to manifest 
different outcomes depending upon the sequence of stress application, high- 
to-low (0; > G2) versus low-to-high (a; < 2) stress, which is not reflected in 
the theory. 

Apparently, the loading parameters should be selected to get specimen 
failure at the second round of a two-round trial, no matter the loading 
sequence. Also, the total length of the two-round trials should be anticipated 
to be about equal, with the first round of the second trial as long as the sec- 
ond round of the first trial and vice versa. Otherwise, the total lengths of the 
two diverse trials would not be alike, but instead be substantially different. 

In reality, the high-to-low test is typically significantly longer than the 
low-to-high test. The noted contradictions of significant variation of the 
ultimate damage fraction value and dependency of endurance upon loading 
sequence are usually asserted by examiners of the linear damage accumula- 
tion concept as a persuasive argument against its validity. However, the 
results of the above experiments are actually quite encouraging and do testify 
to concept validity. 

Applying the linear damage accumulation rule it should be realized that 
lifetime expressed either as T(@) or its analogue N(@) is an exponential func- 
tion. This implies that only negligible scattering of strength properties of 
tested specimens can produce an ultimate damage fraction value nearing 
Dr= 1. However, in reality, the result will range widely, corresponding 
to actual deviation of strength properties from their nominal values. 
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For instance, if we realistically assume that time-dependency parameters 
of PMC relevant to expression (5.15) are B;,7= 0.09 and B,,.7= 1.034 and 
the relative stress being induced is 6 = 0.75, the nominal endurance under 
this stress level, according to expression (5.15), would be t= 1396 s. 

As the ultimate strength of test specimens of the same batch varies within 
a reasonable range with a coefficient of variation CV= £5%, the anticipated 
endurance of individual specimens of that batch would vary within a range 
510 <1 <3470 s. The corresponding range of the ultimate damage fraction 
would be 0.37 < Dr< 2.49, which is a good match to the above experimen- 
tally acquired range, asserted as excessive. If the minor temperature variation 
that usually accompanies long-term testing is also taken into account, the 
resulting range of the ultimate damage fraction increases further. 

The issue of loading sequence has a similar straightforward explanation. 
If we further assume that two two-round trials are executed, then according 
to expressions (5.19) and (5.21) the anticipated ultimate damage fraction 
Dy=1 should satisfy the following relations 


0 O12 
Dp=—>+—“=1 (5.22) 
M11 © T1,2 
0 0 
De=— + “2 =1 (5.23) 
T21 = 12,2 
or relative to lengths of the second loading rounds 
0 
H2= (1-24) m2 (5.24) 
T141 
0 
Vo2 = (: = 21) T22 (5.25) 
72,1 


where the first subscript indicates the trial number and the second stands for 
the round number. 

Let us also assume that the first round of each of the two two-round trials 
is to be maintained for J;,;=V2,=400s, whereas the second rounds 
01,2, V2. are to last till specimen failure. Stress levels for those two trials 
are as follows. 

(1) For the first round of the first trial, the relative stress is 01,; = 0.55; for 
the second round of the first trial, it is 01,2 =0.75. 

(2) For the first round of the second trial, the relative stress is G2; = 0.75; 
for the second round of the second trial, it is G22 =0.55. 


148 — Hybrid Ship Hulls 


Then, for the time-dependency parameters used above (f,,r=0.09; 
B,,r= 1.034), we should anticipate endurances of 11,1 =T2,2= 228,980 s 
and 7, 9=T2;=1396s. 

With substitution of these endurance anticipation values in expres- 
sions (5.24) and (5.25), we can expect the length of the second rounds to be: 


400 
O12 = (1 -———— ) 1396 = 1394s 
228,980 


400 
Yo2 = | 1 -—— } 228,980 = 163,370s 
, 1396 


These numbers imply that the anticipated total length of the first trial is to 
be T,=0,,+01,2=1794s; and that of the second trial is to be 
T= Vo, +V22= 163,770 s. 

Taking into account a possible variation of the ultimate strength 
CV==+5%, the total lengths of the two-round test loading will further 
expand the difference. For the first trial it would be in the range of 
908 <t,<3870s; for the second trial it would be 24,000<1.< 
395,500 s—the result that speaks for itself: 

It is appropriate to mention that obtaining such a difference from a real 


experiment is sometimes interpreted as an adverse effect of an initially high 
stress application in the first case, or a favorable result due to preceding mate- 
rial “training” of a moderate initial stress application in the second case. 

It should be emphasized that in contrast with the significant scattering of 
endurance, the inverse operations regarding determination of either damage 
fraction or ultimate stress produce a quite stable result due to the same expo- 
nential nature of the utilized math model. 

Overall, the imparted rationales provide convincing reasons for the 
complete consistency of the linear damage accumulation rule with the 
experimental data. This indicates favorable opportunity for its use for char- 
acterization of PMC serviceability and specification of design allowables for 
a composite/hybrid structure. 


Owing to complete the consistency of the linear damage accumulation rule with 
experimentally gained data, it is favorable to use it for characterization of PMC 


serviceability and specification of design allowables for a composite/hybrid 
structure. 


It is particularly worthwhile with the use of Bailey’s integral (5.18), 
which allows for evaluation of structural performance of a composite 
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undergoing an arbitrary loading profile over its service life. It is also instru- 
mental for verification of that composite’s performance compared to struc- 
tural performance of the metal counterpart of the hybrid structure, enabling 
quantifiable monitoring of possible migration of the weakest link over the 
structure’s long-term service. 


5.3 SERVICEABILITY AT CONVENTIONAL LOAD CASES 


For most practically significant load cases integral (5.18) needs to be solved 
numerically. Nevertheless, if the ambient temperature does not change, a 
few closed-form solutions are available for the simplest loading profiles, such 
as monotonic constant-rate loading and pulse cycling with standard broken- 
line or haversine waveforms. The following illustrates the applicability of the 
introduced analytical approach for determining the significance of loading 
parameters on PMC structural performance. 


5.3.1 Monotonic constant-rate loading 


With regard to monotonic constant-rate loading to failure at the point of 
time Up, the loading rate R is 
S 
R=— (5.26) 
Up 
Then the current stress o(f) at moment f is o= Rt, and integral (5.18) 
can be written for the ultimate damage fraction Dy in correspondence to 


on 
_ aRt— Wo 
Dp=ty! f ex ————_ } dt 5.27) 
F~*9 ( T(t) ( 


0 


expression (5.9) as 


Pertinent to constant temperature, T(t) = T; that is 


4 aR 
Dr=A exp dt (5.28) 
where A has constant value 


A=to exp (=) (5.29) 


Taking into account the ultimate condition Dr= 1, the solution of inte- 
gral (5.28) can be presented as 
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z a) ee 5.30 
won (oS) - )- on 


———=aR (5.31) 


or 


Note that for structural PMCs parameter A has an order of magnitude 
A~10!! s. This means that for practical cases A>>T 5,7. Therefore, the solu- 
tion to (5.31) 1s approximately 


—! T=a58 (5.32) 


or, taking into account relation (5.12), 


Un ~ 
uy =—-T (5.33) 


This relation essentially reveals the physical meaning of the dimensionless 
parameter %o, a ratio of material endurance under constant-rate loading up to 
ultimate stress level S to that under the unchanging stress of ultimate level S. 
It is presumed that both these loading events are run under the same constant 
temperature T. For standard temperature conditions, when T= T,, rela- 
tion (5.33) is 

Ay = es (5.34) 
Ts 

It should be emphasized that expressions (5.33) and (5.34) substantiate 
interrelation of material responses to different categories of loading 
conditions, reflected in the master curve notion (Miyano et al., 2005; Regel 
et al., 1972; Shkolnikov, 1995) introduced in Section 4.6. 

Performing further transformations of (5.27), the relative value of ulti- 
mate strength beyond standard loading conditions 6,7 can be expressed 
as a function of the length of constant-rate loading, as 


is = = 
OuT = a= T (x + Wi (= i) = in(9) = In(T) = i) (5.35) 


For standard temperature, as T = 1, this relation is 


<1 In (9) 


Ao —1 


(5.36) 


where # stands for the ratio of actual to standardized lengths of (test) loading. 
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Expressions (5.35) and (5.36) particularly embrace two major load cases: 
quasi-static short-term loading, usually employed for experimental determi- 
nation of ultimate strength, and high-strain-rate-loading, as monotonous 
impulse loading. 

To provide a well-grounded assessment of the influence of loading 
parameters to a material’s ultimate strength, time-dependency parameters 
%y=26.2 and mo=56.8, experimentally determined by Lavrov and 
Shkolnikov (1991) for a marine-grade structural PMC, are used. These 
parameters are also used for a few other practical load cases presented below. 

The analytical result is plotted in Figure 5.1, reflecting the influence ofa 
loading length variation of 10°°<0,<10° s, which embraces both high- 
strain-rate and quasi-static short-term monotonic loadings. 

As can be seen, variation of the loading rate makes a noticeable contri- 
bution to a measure of material load-bearing capability. In particular, loading 
length in the range of 1<0-<10 min (allowed by the standard ASTM 
D3039/D3039M-00 to produce specimen failure during tensile testing) 
would constitute a considerable portion of the test results dispersion, roughly 
corresponding to a variation coefficient of CV%+5%. 


— 
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Length of constant-rate loading, log10 (9), s 
Figure 5.1 Ultimate strength vs. length/rate of loading. 
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The allowed variation of the test ambient temperature T= T,+ 3 °C fur- 


ther increases scattering of the test data, with extra CV;;-= + 2%. Jointly, the 
allowed variation of standardized testing conditions can produce scattering 
of test results consistent with the experimentally determined structural prop- 
erties of PMCs. 


Just the allowed variation of the standard testing conditions can produce a 


scattering of test results consistent with customary experimentally determined 
structural properties of PMCs. 


For this reason, the actual testing conditions should be carefully traced and 
taken into account to suppress the related dispersion of the test data. In particular, 
this can be done with utilization of the master curve notion as demonstrated in 
Section 4.6. Execution of this technique is particularly worthwhile for the test- 
ing of complex hull components, such as structural joints and/or large-/full- 
scale structural prototype sections, of which the load-bearing capability and 
hence the endurance under applied test loading are not completely predictable. 


The actual testing conditions should be carefully traced and taken into account 
to suppress the related dispersion of the test data. This is particularly important 


for testing of complex hull components and/or full-scale structural prototype 
sections, whose load-bearing capability and endurance under applied testing 
loading are not completely predictable. 


5.3.2 Residual strength 


Another useful application of kinetic-based analytical technique is character- 
ization of residual strength. This physical testing is common for single large- 
or full-scale structure prototypes, the robustness of which needs to be 
verified for several load cases, such as short-term quasi-static loading and 
long-term fatigue loading. Accordingly, the structure undergoes two diverse 
test rounds, fatigue loading followed by after-fatigue short-term loading to 
failure, to define residual load-bearing capability of the tested structure, 
usually considered the threshold strength of that structure. 

From the kinetic point of view, residual strength Sp is a function of ulti- 
mate strength expectation S, the preceding damage fraction Do, accrued 
under introductory fatigue loading, and the length of after-fatigue static 
loading Up. 
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For this instance, integral (5.28) is presented as 


VR 
4 aR 
Dr =A exp FR dt + Do (5.37) 
0 
and the solution is sought for Dr= 1, as 
r ai aes (5.38) 
AaR\ PF ——* 
Analogously to (5.30)—(5.35), expression (5.38) can be transformed to 
~~ In(1-—D 
Sr =Sri t al 0) (5.39) 


oa) 


where Sp; is a portion of the residual-to-ultimate strength ratio determined 
similarly to (5.35), as a function of the loading conditions inherent to the 
monotonic loading of the second test round, as 


7 1 ~ zs 
Sei = ms (x Eee (=- i) = n(n) = in(T,)= i) (5.40) 


R 


_ For standard loading conditions, as temperature and length of loading are 
Tr=1; Ja=1, relation (5.39) is 


~ In(1 = Do) 
Sp=it (5.41) 
Xo 


The graph in Figure 5.2 reflects expression (5.39) as a function of the 
preceding damage fraction 0 < Dp < 1, obtained during the first preliminary 
round of fatigue test loading. 

As can be seen from the graph, the preceding damage fraction up to 
~Do <0.8 only marginally affects residual strength. At a normal tempera- 
ture, it corresponds to values Sp > 0.948 of the anticipated ultimate strength 
S as determined under standard testing conditions. 

In other words, a minor reduction of effective strength, about 6% of 
the anticipated original ultimate strength S, corresponds to roughly 20% 
of the material residual load-bearing capability. This analytical result is 
closely in line with the well-known, though not obvious, phenomenon 
usually observed during residual strength testing of composite and hybrid 
structures. In fact, residual strength of PMC test articles may even exceed 
the experimentally determined ultimate strength of analogues, the same 
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Figure 5.2 Residual strength versus preliminary accumulated damage. 


batch articles that do not undergo preliminary loading, due to minor devi- 
ation of actual testing conditions from the statutory norm. 

Given that the residual strength testing is typically run for large test arti- 
cles and structure prototypes, it is not always feasible to maintain a 
temperature-controlled environment during test execution. Because of this, 
the ambient temperature may readily exceed the range intrinsic to the stat- 
utory testing standards, 10 < T<30 °C. The graph in Figure 5.2 illustrates 
the influence of the expanded temperature variation AT=+ 10°C on the 
magnitude of residual strength. 


A possible variance of the loading rate, e.g., that due to different rigi- 
dity of tested structures, could further extend deviation of the residual 
strength. 

Overall, it should be admitted that experimental determination of resid- 
ual strength of a composite/hybrid structure may be as informative as that for 
testing of a metal structure only in the event that all significant testing param- 
eters are properly counted. Otherwise, residual strength testing may produce 
a quite misleading result. 
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Experimental determination of the residual strength of a composite/hybrid 
structure may be as informative as that for routine testing of a metal structure 


only in the event that all significant testing parameters are properly counted. 
Otherwise, residual strength testing may produce a quite misleading result. 


5.3.3 Cyclic fatigue loading 


Fatigue performance under cyclic loading represents one more practical case 
that can be analyzed in detail utilizing a closed-form solution of integral 
(5.18) and the kinetic-based analytical concept. In general, this can be 
expressed relative to the number of loading cycles, Nz, endured by a struc- 
tural material up to its failure, as 
v0 
Dr=N / — (5.42) 
" "SF 2(a(),T(0) 


0 


For two conventional waveforms of pulse loading, triangular (broken- 
line) and haversine, integral (5.42) has closed-form solutions when the ambi- 
ent temperature remains unchanged, i.e., T(t) = T- 

The loading cycles of these two waveforms can be described as follows. 
* Fora triangular pulse cycle, the induced stress within a cycle is 


a 2t 
Omax (: + (1 _ r) 3) 50 < t< 0.59 


o= 


(5.43) 


- 2t=— 
Fmas(1= (1-7) 0 ).os0<rs0 


* Fora haversine pulse cycle, it is 
2s = t 
ee 0.5 nax(1 ie») dn 2n(——0.25) ),0 <t<0 5.44) 


Here Gmax is normalized peak stress; J is the period of the cycle; and r= Coin is 


max 


the stress ratio of the cyclic loading. 
Corresponding to the given loading conditions, the ultimate number of 
cycles of the triangular pulse loading is 
= Wo — AF max 
TOO max(1 — r)exp ——— 


N= aA (5.45) 


071 exp (a (r 1))) 
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That of the haversine loading is 


(= = 00 max (1 + 2) 
Toexp ae 
ie: 2T (5.46) 


Cmaase 1— 
Bo (Se ( 2 
2T 


where Io( ) is the modified Bessel function of 0 order. 


The given expressions are similar to the conventional view of the empir- 
ical expression (4.27) and can be converted into that. Parameters /, and By 
of relation (4.27), along with customary characterization of material fatigue 
performance under given loading conditions, would also embody parame- 
ters of the applied cyclic loading. 

For a triangular cycle, those parameters would be 


(5.47) 


{= 
By =By (tos (ee=") +m (ze i)) (5.48) 


is) 
where M= Tn(10)° 


Note that two justifiable approximations are used here to avoid a numer- 


ical representation of the given solution. These are 


In(@max) © Omax — 1, for ~ 0.4 < Gmax < 1.3 (5.49) 


and 


of Owing 
exp (2=(--1)) ~0 (5.50) 


To characterize the lifetime of a PMC undergoing long-term cyclic 
loading, expressions (5.45) and (5.46) are presented as follows. 
* For the triangular pulse cycle 


~ HW) — 00 max 
THO max(1 _ r) exp T 


r(1 exp (“Set ))) 


t=NO= 
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Figure 5.3 Fatigue performance under distinct loading profiles. 


* For the haversine cycle 


2m _ OO max( 1 + r) 
Toexp oT 


(= (1 a 2) 
Ip Je 
21 


Overall, a cyclic loading presentation via integral (5.42) is sufficient to accu- 


Tu=NV= (5.52) 


rately characterize serviceability of a composite structure undergoing cyclic 
loading, reflecting the influence of the parameters of this loading. 

Figure 5.3 illustrates this opportunity for PMC fatigue performance under 
three conventional long-term test loading profiles, triangular and haversine 
waveforms along with protracted unaltered stress rupture loading. Ambient 
temperature for all these load cases is kept normal in the given illustration 
to focus on the influence of the minor distinction of the given loading profiles. 

The acquired result is computed for the stress ratio r= 0 that produces the 
maximal possible discrepancy of fatigue performance under cyclic and pro- 
tracted loadings. Changing it towards the stress ratio r— 1 will lead to coa- 
lescence of the three lines pertinent to the different loading profiles. 

As the influence of loading parameters is countable, results of monotonic 
loading to failure properly adjusted to match the parameters of the cyclic 
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loading can be incorporated into the acquired fatigue test data. In particular, 
expression (5.35) is used for this adaptation. 


As the influence of loading parameters is countable, results of monotonic loading 


to failure, being properly adjusted to match the parameters of cyclic loading, can 
be incorporated into the acquired fatigue test data. 


Along with pulse cyclic loading, reverse cycling represents another con- 
ventional fatigue test option pertinent to operation of ship hull structures. As 
usually observed in test results, the reverse character of cyclic loading insig- 
nificantly affects the fatigue life of structural PMCs compared to that for 
pulse loading. This unobvious occurrence is probably due to the following. 

In general, reversed cycling is associated with either tension-compression, 
flexural sagging-hogging, or altered in-plane or interlaminate shear loading. 
Different constituents of a PMC laminate (fiber reinforcemen, polymer 
matrix, or a combination of these two) are responsible for bearing the distinct 
phases of the reversed loadings. Due to this, excluding a shear load case, there 
is typically considerable disparity between the absolute values of ultimate 
strength for the two phases of reverse loading, i.e., | Si] A | S_|. 

Hence, the equivalence of peak forces | Funax+| = | Finax—| usually main- 
tained over reverse cycling will result in disparity of the normalized peak 
stresses |Omax+ | #7 |Gmax—|- This disparity engenders prevailing of one phase 
of the reverse cycle over the other in terms of fatigue deterioration of the 
load-bearing material components subjected to those distinct phases of 
the loading exposure. 

A measure of interaction or interference of the material’s constituents 
responsible for withstanding either phase of the reverse cycling could vary 
depending on the chemical, physical, and structural traits of the constituents 
and their interrelation. Meanwhile, there should be two conceivable 
extremes in the load-sharing, one that is associated with absolute indepen- 
dence of the load-bearing constituents and another with full engagement of 
the constituents of both groups in the shared load-bearing. 

For the first occasion, the material’s lifetime under reverse cycling would be 
roughly doubled, compared to that under pulse cycling with the same fre- 
quency and peak stress. This is because each load-bearing constituent is actually 
carrying its load share forjust a halfloading cycle, alternating with the rest under 
other semi-cycles, free of the loading exposure. Using the same logic, the sec- 
ond case should result in a lifetime that is about that of pulse cyclic loading. 

Combining these two main possibilities, we may anticipate that actual 
endurance Ty, ofa PMC undergoing reverse cyclic loading is within a range 
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Of TN» STNy S2TNp, Where Ty is the endurance under pulse cycling with 
frequency and absolute values of peak stress are the same as those for reverse 
test loading. 

The range itself is not significant enough to manifest a considerable extra 
value of fatigue strength for the tested material. Roughly, it is associated with 
only about ~2.5% of the ultimate strength for an event fully independent of 
load-bearing material constituents. For a practical case, the effect of reverse 
loading would be even lower because some involvement of the distinct 
material constituents in the shared load-bearing is practically unavoidable, 
and the relative peak stresses would never be equal at the different phases 
of a loading cycle. 

Altogether, for all the given reasons, the influence of reverse cycling over 
pulse cyclic loading is insignificant for PMC serviceability characterization 
and may be neglected for design strength reconciliation of either the PMC 
or the hybrid structure. 


The influence of reverse cycling over pulse cyclic loading is insignificant for PMC 


serviceability characterization and may be neglected for design strength 
reconciliation of either PMC or hybrid structure. 


Nevertheless, experimental examination of PMC performance under 
reverse cyclic loading should be implemented to verify validity of this logical 
deduction. 


5.4 STRUCTURAL PERFORMANCE AT COMPLEX 
LOADING PROFILES 


Extending the linear damage accumulation rule to a representation of dis- 
tinct categories of loading exposure allows for characterization of a PMC’s 
structural performance under a complex loading profile. In general, this can 
be expressed via the lifetime ty that sums up deteriorative influence of 
assorted operational exposures withstood by the PMC during service 
and/or test loading. Similar to that deduced by Boyzov (1997) for metal hull 
structures, it can be expressed as 


=I 


tr = ess (5.53) 
1 J 2 


Titik 


Here Tj, denotes partial endurance of a PMC under ith category of oper- 
ational exposure regarding jth load case at kth instance of ambient 
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conditions; n;, nj, and mp are numbers of corresponding operational occa- 
sions; Piz is either the anticipated probability or designated portion of mate- 
rial exposure to be specified respectively for i, j, k operational events. Jointly, 
those portions of the material exposure make the sum 


nj ny Np 


SSCS Pie = (5.54) 
ij ok 


The partial endurances T;;, are defined for each given load case employ- 
ing integral (5.18) for the relevant ultimate damage fraction. 

To take into account the 3D stress state typically experienced by a mate- 
rial within a ship structure under operational loading, failure criteria reflect- 
ing the 3D character of the stress state are employed with regard to all 
components (G,/) ;,k,! = 1,2,3. 

The von Mises yield criterion represents the well-established standard for 
metal structures. Employing expression (4.2) introduced in Section 4.1, it is 
possible to determine a non-dimensional failure index Yj, for the metal part 
of a hybrid structure of interest. 

The extended Norris-McKinnon criterion in its non-dimensional form 
(4.3) and (4.4) is a computing tool suitable for evaluation of the load- 
bearing capability of composite structural components undergoing a 3D 
stress state. The given version of the Norris-McKinnon criterion appears 
to be preferable to other available options for ultimate stress state analysis of 
a composite ship hull structure. As ascertained in Section 4.1, the extended 
Norris-McKinnon criterion provides a good match between analytical 
prediction and experimental data pertaining to the 3D stress state of PMCs 
with the relatively slender orthotropy (or transverse quasi-isotropy) typ- 
ical for marine-grade PMCs. This criterion also supplies a consistent ana- 
lytical result using just a few major strength characteristics of the utilized 
composite, alleviating the necessity for overly expanded test programs. 
Analogously to expression (4.2) for the von Mises criterion, the 
Norris-McKinnon criterion in forms (4.3) and (4.4) makes it possible 
to define a non-dimensional failure index WY relevant for a composite 
part of a hybrid structure. Jointly, the failure indexes Py, Yo, determined 
for both primary parts of a hybrid structure, metal and composite, allow 
for identification and localization of critical areas within that hybrid struc- 
ture with a unified failure index W,,,, that is 


Lae = max{ Yu, Yo} V (5 .55) 
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Both 3D criteria deal with linear relations of applied forces and 
induced stresses that correspond to the response of the vast majority of 
structures to operational loadings. This enables a favorable opportunity to 
represent the stress level in time-force relations, such as (5.9) and (5.18), 
directly via relative values of the applied loads Qinstead of stress components 


{ao}, as 
Q=—~= {6} (5.56) 


Due to this, characterization of serviceability of a structural PMC for 
known time-dependency parameters and given force-temperature exposure 
{Q(é), T(t) } would result with ultimate load Q,,, corresponding to the given 
length of service Tg,7, and vice versa. 

Similarly to characterization of the ultimate parameters of load-bearing 
capability, allowed design loads can be determined, taking into account the 
required safety margin. In this case, the norm of design strength reconcili- 
ation for allowed stress components, expressed with relations (5.1) and (5.2), 
is transformed respectively to the allowed load of a given category of oper- 
ational exposure Q,, 


oo 
- 


Along with the opportunity to accurately characterize serviceability of 


MP rns < Q, (5 : 57) 


composite and hybrid structural systems, the introduced analytical technique 
enables quantifiable prorating of destined loading exposures, enabling well- 
grounded optimization ofa hybrid structure design consistent with a partic- 
ular operational exposure. 


Along with the opportunity to accurately characterize the serviceability of 
composite and hybrid structural systems, the introduced analytical technique 


enables quantifiable prorating of destined loading exposures, enabling well- 
grounded optimization of a hybrid structure design for a_ particular 
operational exposure. 


5.5 PRACTICAL APPLICATIONS 


The introduced kinetic-based analytical technique is devised for and, in fact, 
is fairly instrumental in, serviceability characterization of composite/hybrid 


162 — Hybrid Ship Hulls 


ship hull structures undergoing essentially any operational loading. It is par- 
ticularly effective for loading embodying force and ambient conditions, both 
altering in time. 

For instance, a DSV’s pressure hull during diving undergoes gradually 
intensified external pressure accompanied by decreased temperature of 
the surrounding seawater, particularly in tropical latitude oceans. A pipeline 
undergoing emergency overloading usually experiences concurrent surge of 
both internal pressure and temperature, which typifies another relevant 
operational occurrence. 

Apparently, to properly evaluate serviceability of structures undergoing 
such load changing, parameters of the force and ambient conditions need to 
be taken into account. The following computational experiment illustrates 
this by quantitative assessment of the influence of loading profiles on the 
intensity of material deterioration of a hypothetical DSV pressure hull. 
The conceived loading schedule for the entire length of the hull’s service 
consists of preliminary acceptance testing of the DSV hull in a hyperbaric 
tank, her sea trial, and provisional rounds of DSV service diving to assorted 
target ocean depths. 

Note that external water pressure is only applied operational load to the 
pressure hull for clarity of the undertaken consideration. This external pres- 
sure is assumed to be linearly proportional to the ocean depth attained by the 
DSV in both her sea trial and destined service. 

The loading rate for in-sea operations 1s supposed to be R,=0.7 m/s, to 
resemble customary submerging-surfacing velocity. For in-tank testing, for 
which loading rate is usually controlled by an employed pumping station, a 
realistic rate of R,=50.0 m/s is chosen. 

The ambient temperature at the in-tank test loading is set at a constant 
T=20 °C. The changing ocean water temperature is presumed be within a 
range of 2.5 < T<30 °C, typical for tropical latitudes. The temperature var- 
jation versus ocean depth is approximated with a power function that 
matches a temperature variation profile presented by Bergman (2011). Using 
the Celsius scale, this is 


H -2.4 
T=27.5{—— +1 +2.5 (5.58) 
(a ) 

where H is the depth of the ocean water in meters. 
Table 5.2 specifies parameters of a loading schedule for a hypothetical 
composite pressure hull designed for a maximum depth of ocean operation 


Table 5.2 Conceivable schedule for pressure hull loading 


Load Target Submerging-surfacing Stay on target Ambient Diving Acquired damage 
case depth, m velocity, m/s depth, h temperature rounds fraction 
Acceptance testing in hyperbaric tank 

1 7000 50.0 0 Room 2 0.006 
Sea trial 

2 7000 0.7 0.1 Changeable | 1 0.026 
Operation 

3 <2000 0.7 2 Changeable 5000 0.001 

4 2001-3000 0.7 2 Changeable 1000 0.002 

5 3001-4000 0.7 2 Changeable 500 0.018 
6 4001-5000 0.7 2 Changeable 200 0.114 
7. 5001-5600 0.7 2 Changeable 100 0.302 

8 5601-6000 0.7 2 Changeable 58 0.531 
Total material deterioration during service life 1.000 
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of Hyyax= 6000 m and an ultimate depth of Hy= 10,000 m, which could 
cause hull failure. 

Also presented are computed rates of the damage fraction of the struc- 
tural material acquired under those discrete loading exposures as well as 
the total accumulated damage fraction. 

Expressions (5.53) and (5.54) are employed to assess the hull’s material 
deterioration. Concurrent change of force and temperature during repeti- 
tive submerging-surfacing operations is taken into account. Kinetic param- 
eters Uy = 26.2; Wy) =56.8, specified in the reference Lavrov and Shkolnikov 
(1991) for a marine-grade PMC are again used. A safety factor of f,= 1 is set 
for clarity of this analytical assessment of the influence of loading profile 
variability. 

The graph in Figure 5.4 demonstrates the quantified deterioration (dam- 
age fraction) of DSV hull material prorated for each of the eight load cases. 

Note that the water pressure applied for acceptance testing and for the sea 
trial prior to the pressure hull’s entrance into service exceeds the maximum 
operation load, corresponding to H,..<= 7000 m vs. Hinax = 6000 m of ocean 
depth. This is to render common practice for acceptance testing of metal pres- 
sure hulls, and ensure sufficiency of hull robustness for the designated service. 
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Figure 5.4 Prorated material deterioration. 
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Meanwhile, due to the enhanced sensitivity of structural PMCs to the 
parameters of loading, such customary overloading may notably affect the 
load-bearing capability and lifetime of a PMC. In the given particular case, 
the acceptance testing and sea trial together consume a roughly 3.5% portion 
of the initial load-bearing capability. This is disproportionately excessive, 
noticeably higher than for a marine-grade metal. 

Overall, the performed assessment shows that the given analytical tech- 
nique allows for notable advancement of the serviceability evaluation of a 
structural PMC without unduly complicating the conventional strength rec- 
onciliation routine for ship design. Moreover, this provides a well-justified 
ground for optimization of a composite/hybrid structural design with regard 
to the prorated impact of assigned loading or, on the other hand, allows for 
proper adjustment of the operational schedule for a particular structural 
design. 


The introduced analytical technique allows for the notable advancement of 
serviceability evaluation of a structural PMC along with a well-justified ground 


for optimization of a composite/hybrid structure, without unduly complicating 
the conventional strength reconciliation routine of ship design. 


The presented analytical approach is also instrumental for controlling the 
residual load-bearing capability of a real composite/hybrid hull structure in- 
service. In this instance, the initially assigned loading schedule needs to be 
substituted with actual experienced operational exposures. 


5.6 EXPERIMENTAL VERIFICATION OF THE KINETIC-BASED 
APPROACH 


A nonstandard target test program was executed to verify validity and effec- 
tiveness of the introduced kinetic-based analytical approach for serviceabil- 
ity characterization of structural PMCs. This program, partially reported in 
Lavrov and Shkolnikov (1991), comprised static and cyclic bending tests to 
failure of several sets of the 48- to 96-mm-thick coupons of a marine-grade 
epoxy parallel-diagonal (4, 4, 4) laminar GFRP. 

Broadly ranging force-ambient conditions accompanied by meticulous 
control of actual parameters of the applied loading constituted the principal 
differentiating features of the performed tests from the conventional stan- 
dards. Specifically, the tests comprised short-term monotonic loading with 
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stress rates in the range of 0.3< R<13.0 MPa/s and long-term low-cyclic 
triangular-profile pulse loading with frequencies in the range of 
0.03 <f< 0.5 Hz. The peak stress of the cyclic tests was varied within a 
range of 0.6 < Oma < 0.8. The stress ratio r= 0.1 was applied for all cyclic 
tests. The ambient temperature during the short-term tests was maintained 
normal, whereas that of the cyclic tests was in the range of 19 < T<30 °C. 

The factual test data were refined by applying the introduced analytical 
technique to unify the parameters of loading conditions, corresponding to 
a statutory testing baseline. The triangular pulse cyclic loading with frequency 
f=0.1 Hz, stress ratio r= 0.1, and ambient temperature T=20 °C consti- 
tuted the principal parameters of the baseline selected. The actual peak stresses, 
i.e., those varied within a range of 0.6 < Gina < 0.8, were kept unchanged. 

Two sets of the data acquired from the cyclic testing of the 
1152 x 96 x 96 mm material coupons are plotted in Figure 5.5 to illustrate 
fatigue performance of the tested PMC. 

One set of data, denoted with triangular markers, embodies the original 
results actually gained from the tests. This set comprises both the short-term 
test results, treated as a half-cycle outcome of the cycling loading, and long- 
term test data reflecting the factual cyclic test results. The other data set, 
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Figure 5.5 Actual and refined fatigue data, adapted from Shkolnikov (2007). 
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indicated with circular markers, embraces the original test data refined to 
match the parameters of the statutory test baseline. 

Two approximation lines for both data sets are also plotted to represent 
performance trends relevant to these two sets of essentially the same 
experimental data. 

The second order polynomial functions was used for both approxima- 
tions, the appearance of which turned out to be quite different. The dotted 
line pertaining to the original test data is evidently bowed, whereas the solid 
line pertinent to the refined data is nearly straight. Although the tests were 
executed with a relatively minor variation of loading parameters, this did 
cause meaningful divergence of the original and refined data, perfectly illus- 
trating the significance of accurate representation of the actual testing con- 
ditions for proper interpretation of experimentally derived data on PMC 
serviceability. Moreover, the refined data much better resemble the custom- 
ary trend inherent to long-term performance of structural PMCs, associated 
with relations (4.27) and (5.15), than the original test data do. This fairly well 
testifies to the authenticity of the applied analytical technique and its validity 
for characterization of PMC serviceability for variable loading exposures. 
For this reason, utilization of refined data corresponding to unified testing 
parameters appears to be preferable to the routine relying directly on factual 
test data for characterization of PMC service performance. 


Utilization of refined data corresponding to unified testing parameters appears 


to be preferable for evaluation of a PMC's serviceability in lieu of routinely relying 
directly on the original test data. 


As the presented analytical approach suffices for evaluation of a PMC’s 
response to loading parameters differing from actual ones, it seems to be 
applicable for serviceability characterization of that PMC subjected to any 
given loading profile. To implement it, time-dependency parameters (To; 
To; &o) of the material of interest as well as its ultimate strength at the rel- 
evant loading exposure all need to be known. 

The above-deduced relations, including expressions (5.45) and (5.46), 
can be used to determine the required time-dependency parameters with 
regard to three (sets of) points on a fatigue diagram resulting from experi- 
mental examination of a PMC’s performance. For instance, for fatigue cyclic 
pulse testing with a triangular loading profile, the relevant expression (5.45) 
is used for three test rounds, as 
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ao Wy — 00; 
ToH00;(1 = ri)exp ——S=_ 
Ni= 


,i=1,2,3 (5.59) 


Note that execution of the related computing algorithm will need a few 
iterations due to slight non-linearity of Equation (5.59). This is a quickly 
convergent algorithm, and it typically takes not more than two iterations 
to gain a stable computational result. 

To simplify the computing procedure, a few justifiable approximations 
may be applied. These include relation 


of O max 
exp (22-1) ~0 (5.60) 


which is acceptable for loading parameters of practical interest. 
Because of this acceptability, Equation (5.59) comes into play 


= WW) — X00; 
Tot; (1 —_ r)exp SSS 


N= = 7 (5.61) 
7 7 0;T; 
Moreover, in case Ty, = Typ, 
T NiGno(1 —10)9 
pea in( 19 no(1~ 12) ), ae (5.62) 
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Wy = ~ ~~ ’ 
: TNn3— TNi 
Txy3# TM (5.63) 
Nim T XyTN1 — Wr 
c= Ni+tNt ( 0 mu ‘) (5.64) 
oni(1 —1) Tn 


To illustrate operability of the given algorithm, it is used to define the 
time-dependency parameters of Comeld-2 champion underwent in-plane 
tension test loading. The input comprises parameters of the applied loading 
and test results presented in Chapter 4. Specifically, this two-set input 
includes the following: 

(1) Period of triangular pulse cycle ¥y=7.5 s; normal ambient tempera- 
ture Te = 1.0; and stress ratio r=0.1. 
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(2) Length of monotonic short-term loading 73 = 100 s; elevated ambient 
temperature T = 1.13 (on the Kelvin scale); relative value of ultimate 
strength 63 = 0.92. 

Coefficients By=1.176 and Bj =0.208, defined in Section 4.8.3 to repre- 

sent the approximate line plotted in Figure 4.15, are used to specify two 

experimental points of the S— N fatigue diagram, {N, = 10; ¢y1 =0.96} 
and { Nz = 10,000; @nj2 =0.35}. 

The time-dependency parameters derived from this computation exer- 
cise are: &) = 13.0; @y= 19.1; T7=0.0087 s. Similarly to the assessment pre- 
sented in Chapter 5 for conceivable operation of a DSV composite pressure 
hull, the gained parameters are sufficient to characterize serviceability of the 
given Comeld-2 configuration at any anticipated operational (or test) load- 
ing situation. 

Invariance of time-dependency parameters %o; @o; To On direction of 
an applied force relative to orientation of an orthotropic PMC signifies 
another advantage of the presented approach over existing analytical tech- 
niques. To authenticate this notion, experimental data derived from studies 
specifically emphasizing “exfoliation” of the S—N fatigue diagrams 
(Philippidis and Vassilopoulos, 1999; Sarkisian, 1984; Zakharov et al., 
1967) have been explored. 

In particular, absolute values of the fatigue strength of different PMC 
compositions for several characteristic load cases were transformed to the 
normalized view of dimensionless ratios of related fatigue and ultimate 
strength values. In the results, the original prominent “exfoliation” of the 
fatigue diagrams diminished for all the load cases explored, coming to a rel- 
atively narrow locus with scattering margins consistent with those normal 
for outcomes of fatigue testing of PMC coupons. 

This result fairly well affirms the validity of the notion of invariance of 
time-dependency parameters of a PMC on orientation of the applied load- 
ing relative to the axes of the PMC orthotropy. This implies that the same 
fatigue diagram being obtained for one category of loading is sufficient to 
characterize fatigue performance of a given PMC for any load case, as ulti- 
mate strength relevant to the loading category of interest is also known. 


The invariance of time-dependency parameters of a PMC on category and orientation 
of the applied loading relative to the axes of the PMC’s orthotropy implies that the 


same fatigue diagram obtained for one load case is sufficient to characterize 
fatigue performance of a given PMC pertaining to any loading case, as ultimate 
strength relevant to a particular load case of interest is also known. 
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Owing to this encouraging introductory usage, the extensive test pro- 
grams usually accompanying acquisition activities aimed at development 
of new naval platforms and allied certification of novel material systems 
can be truncated to just a few testing rounds. These will establish dependable 
experimental data sufficient for determination of time-dependency param- 
eters and ultimate strength of the material of interest pertaining to all des- 
tined load cases. 

For instance, such an amended test program might comprise: 
¢ Short-term tests for all major load categories under normal ambient con- 

ditions to experimentally determine basic mechanical properties, includ- 

ing ultimate strength of that PMC along its axes of orthotropy 
¢ Short-term tests under a primary load case and altered ambient condi- 
tions to evaluate the material’s sensitivity to temperature and/or other 
environmental factors 
* Fatigue tests under a primary load case at normal ambient conditions. 
Certainly rigorous monitoring and tracing of actual testing parameters 
should accompany test execution. Any noticeable deviation of the testing 
parameters from their nominal statutory values needs to be documented 
to allow for appropriate refinement of the factual test data, similar to that 
reflected in Figure 5.5. 

Particular attention should be paid to self-warming of test articles under 
cyclic testing. If that is unavoidable, either proper cooling-down or temper- 
ature gauging and documentation should be carried out. 

On the whole, the presented experimental verification clearly demon- 
strates validity and suitability of the kinetic-based analytical approach for 
adequate interpretation of factual test data. This in turn enables accurate 
characterization of PMC serviceability within a composite/hybrid ship hull 
structure undergoing changing force-ambient loading exposures, either 
operational or testing, along with well-grounded specification of design 
allowables for the PMC. 


The presented experimental verification clearly demonstrates validity and 
suitability of the kinetic-based analytical approach for adequate interpretation 
of factual test data that enables accurate characterization of the serviceability 
of a PMC within a composite/hybrid ship hull structure undergoing changing 


force-ambient exposures, either operational or testing, along with well- 
grounded specification of design allowables for the PMC. 
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5.7 METHODOLOGICAL UPGRADE OF SERVICEABILITY 
EVALUATION 


The improved accuracy of serviceability characterization and/or specifica- 
tion of design allowables attainable with an application of the introduced 
analytical technique enables meaningful advancement of design of heavy- 
duty naval structures. As with any analytical routine destined for structural 
analysis and strength reconciliation, the introduced technique is to fit and be 
congruent with conventional ship design practice. In fact, the presented ana- 
lytical approach has a great deal of procedural similarity with the conven- 
tional analytical routine, without imposing any undue complications with 
regard to computations. 

The technique is useful for traditional specification of design allowables 
followed by structural strength reconciliation, so for direct serviceability 
evaluation of that structure subjected to a loading exposure consistent with 
a given operational profile. This in turn allows for prorating of the influence 
of partial assigned loadings as well as prior-service acceptance testing expe- 
dient for effective structural optimization. 

The input data on anticipated force-ambient conditions of operation 
may be presented in either probabilistic or deterministic terms, and the accu- 
racy of the provided data will drive the accuracy of the pursued serviceability 
evaluation. 

Essentially, the extended specification of anticipated loading parameters 
signifies the only added effort. As that is provided and as upgraded analytical 
evaluation of serviceability is implemented, that extra effort will be repaid 
with beneficial improvement of several key performance parameters of 
the designed structure. These include increased weight efficiency, enhanced 
reliability and safety of assigned operation, and amplified effectiveness of the 
construction cost. 

Figure 5.6 delineates a flowchart of conventional design structural anal- 
ysis and strength reconciliation with indication of the components to be 
upgraded. 

In particular, the affected and/or added procedural steps include: spec- 
ification of design load cases; evaluation of serviceability; prorating of design 
load cases; strength reconciliation; and structural design finalization. 

Asa heterogeneous hybrid structure embodies at least two diverse mate- 
rial systems, metal and composite, they must satisfy requirements of the 
design strength reconciliation. The existing guidelines for warship design 


172 — Hybrid Ship Hulls 


and design finalization 


Strength eo 


Evaluation of serviceability and 


prorating of design load cases ; 
Design 
refining 
Specification of , 
material properties Stress-strain 
analysis 


Specification of Preliminary design and 
design load cases material selection 


Specification of operational 
requirements 


Conventional procedures 


Procedures to be upgraded 


Figure 5.6 Projected upgrade of design strength reconciliation. 


impose these requirements and describe the reconciliation procedure sepa- 
rately for each material category, metal and composite. 

As discussed above, this approach is deficient for evaluation of interaction 
of diverse material systems within a hybrid structure that might be significant in 
some instances. These include but are not limited to different thermal expan- 
sion of the dissimilar material systems and distinct fatigue performance of those 
material systems under changing parameters of a force-ambient operational 
exposure. The presented analytical technique is capable of addressing the pecu- 
liarities of the structural behavior of hybrids, taking into account the envisaged 
interactions of the dissimilar materials with proper accuracy. 

Regarding the opportunity to considerably truncate experimental pro- 
grams that normally accompany acquisition activities, application of the 
introduced analytical technique allows for sizeable reduction of the range, 
length, and cost of those testing programs. 

Also, the technique is worthwhile for analytical empowerment of the 
health monitoring of composite and hybrid structures in-service enabling 
a proper representation of actually undergone operational exposures. In this 
case, the critical areas of an exposed structural component can be accurately 
ascertained. 

Overall, the presented kinetic-based technique seems to be an effective 
and dependable analytical tool suitable for adequate interpretation of test 
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results; accurate serviceability characterization; well-grounded design opti- 
mization; and in-service health monitoring pertaining to assorted heavy- 
duty structural systems utilizing PMC components. 


The presented kinetic-based technique seems to be an effective and dependable 
analytical tool suitable for adequate interpretation of test results; accurate 


serviceability characterization; well-grounded design optimization; and _in- 
service health monitoring pertaining to assorted heavy-duty structural 
systems utilizing PMC components. 


Several computer codes for the MatLab environment provided in 
Appendix illustrate operability of the presented analytical technique. 
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CHAPTER 6 


Prospective Investigations 


A few more engineering aspects of prospective utilization of the most prom- 
ising Comeld-2-based material-transition technology deserve further inves- 
tigation in the effort to expand beneficial utilization of Comeld-2 for 
assorted hybrid structural systems. The developmental targets include pro- 
vision of electromechanical disconnection of a conductive PMC and metal 
laps within the material-transition structure to prevent galvanic corrosion of 
the metal part at the composite-metal interface; exploration of a laser option 
for Surfi-Sculpt protrusion, enabling further cost effectiveness of Comeld- 
2’s industrial application; and prospective expansion of Comeld-2 tech- 
nology beyond its naval implication, in particular for the wind-power 
generation industry and assemblage of the large modular blades of wind 
turbines. Prospective realization of all outlined innovative technologies 
seems feasible and worthy of elaboration. The following elucidates these 
investigative targets in depth. 


6.1 PREVENTION OF GALVANIC CORROSION 


Fiber-reinforced structural PMCs are commonly corrosion resistant. Most 
are practically nonconductive and can be joined to metals without fear of 
galvanic corrosion. The problem arises when an electrically conductive 
PMC, such as CFRP, is applied to a composite section of a hybrid hull at 
the area of its transition to the metal. 

In general, a rationally designed hybrid hull may have both types of com- 
posite materials, conductive and nonconductive, structurally integrated with 
the primarily metal hull. The above-introduced Comeld-2 technology, 
although structurally superior to other hybrid joining options, does not pre- 
vent the galvanic corrosion that may develop when a conductive PMC is 
used in conjunction with the metal hull, analogous to that inherent to both 
bolted and bonded-bolted joints. 

To address this issue, the original Comeld-2 configuration presented in 
Chapters 3 and 4 should be modified by incorporating a nonconductive 
material in the interface of metal and electro-conductive composite parts, 
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1 — metal middle plate 

2 — metal lap plates 

3 — non-electro-conductive PMC element 
4 — partly protruded metal contact surface 
5 — electro-conductive element 


Figure 6.1 Modified Comeld-2 structure. 


thereby preventing electrical transmission that would otherwise induce gal- 
vanic corrosion in the marine environment. 

The technical solution presented in the Shkolnikov patent (2011) pro- 
vides a proper modification of the original Comeld-2 configuration. The 
diagram presented in Figure 6.1 adapted from that patent outlines the sug- 
gested Comeld-2 modification. 

In this case, a material-transition structural component is added with an 
intermediate non-electrically conductive element, to prevent the direct 
electrical contact associated with possible corrosion between the metal 
and the base PMC part that is presumably electrically conductive. That 
intermediate insert could be, for example, GFRP, or a rubber or ceramic 
matrix composite. 

A rational combination of two Comeld-2 configurations, the ordinary 
type and the modified type outlined in Figure 6.1, might be preferable, pro- 
viding enhanced flexibility in the multimaterial hull layout and thereby max- 
imizing benefits of the composite application, meeting specific design and 
operational requirements. 

While functionally beneficial, the use of two or more PMC material sys- 
tems along with two distinct Comeld-2 configurations may cause 
manufacturing complications associated with intensified labor and extra 
expense. Presumably, this would be recompensed with the anticipated 
improvement of key performance parameters of the hybrid hull, pertaining 
to structural weight savings, higher payload, and fuel economy, among 
others. 

To alleviate the concern about affordability and cost effectiveness, a cost 
assessment and tradeoff study on the multimaterial hybrid hull structure 
should be executed with regard to the respective implications. 
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To verify the feasibility and structural efficiency of the outlined modi- 
fication for multimaterial Comeld-2 technology, relevant computer simu- 
lations as well as structural and galvanic resistance testing should be 
carried out. 


6.2 LASER-BASED SURFI-SCULPT 


While the Comeld-2 technology is considerably superior in structural effi- 
ciency and cost effectiveness to all existing heavy-duty hybrid joining 
options, the EB Surfi-Sculpt (Buxton & Dance, 2005 and Dance & Kellar, 
2004) being employed is a relatively expensive operation that might inhibit a 
broad industrial application of Comeld-2. In addition, the necessity to oper- 
ate with the EB in a vacuum limits the geometric complexity and size of 
work specimens that can be processed. 

An alternative inexpensive laser-based protrusion technique, not requir- 
ing a vacuum operating environment, appears capable of producing a Surfi- 
Sculpt pattern similar to that selected for the Comeld-2 champion option. 
The principal advantage of the laser Surfi-Sculpt over its EB counterpart is 
the opportunity to perform protrusion at atmospheric pressure, either with 
or without a shielding gas, depending upon the material being processed. 

Comparatively recently, the laser-based protrusion process has been 
demonstrated by Hilton & Nguyen (2008) and Blackburn & Hilton 
(2010). Macroscopic surface features were produced in several metallic 
materials, using high-powered multimode solid-state lasers in combination 
with a beam scanner. The preliminary trials have resulted in the initial estab- 
lishment of key process parameters for protrusion of the simplest features, 
followed by the integration of these features into more geometrically com- 
plex features, and finally arrays of these features. 

Blackburn & Hilton (2010) demonstrate features produced as a result ofa 
laser Surfi-Sculpt trial on a 316 stainless steel bar, the pattern of which is 
somewhat like that of the champion Comeld-2 protrusion. Despite a certain 
shape similarity, the new laser-based pattern is yet beyond the required 
parameters for hybrid joint application. 

In addition, as ascertained by Blackburn & Hilton (2010), along with the 
promising results of the preliminary trials, they have also shown that the 
thermal behavior of the work piece needs to be properly managed to ensure 
that nominally identical features are produced. Features within the array 
need be built simultaneously in order to optimize the build-rate of the fea- 
tures. This is not possible with existing beam scanning unit software 
designed for laser marking and/or remote processing applications. 
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For these reasons, the laser-based Surfi-Sculpt technique needs further 
elaboration in relation to use with hybrid joints. 

The conceived technical approach is based on adaptation of a low-power 
laser beam to a metal treatment technique capable of producing surface fea- 
tures suitable for a robust bonded-pinned hybrid joint. This would allow for 
the practically infinite length of the metal protrusion to be consolidated with 
a composite component of a sizable material-transition structure without 
any of the extra welding operations needed for the original EB-based 
Comeld-2 implementation, thereby increasing performance and reducing 
the cost of the hybrid structural system. 

It should be noted that the envisaged technological advancement is asso- 
ciated with a certain technical risk related to the capability of protruding the 
metal substrate with a laser beam to get a pattern suitable and sufficient for 
structural hybrid joint application. While the aimed-for metal protrusion is 
potentially feasible, it could be tricky to gain a desired pattern. To mitigate 
the risk, several different treatment types based on a down-selected protru- 
sion pattern of a given steel grade should be examined, providing the oppor- 
tunity to pick the right protrusion option. 

Corresponding to these premises, the principal objectives of the initial 
stage of the projected investigation on laser Surfi-Sculpt should consist of: 
* Down-selection of the protrusion patterns similar to those chosen for the 

original EB-based champion Comeld-2 and suitable for the laser-based 

processing 
* Devising ofa laser-based protrusion technique for the marine-grade steel 

(HSLA-65 family) alloy and/or other metal alloys of potential interest 
* Running of fabrication trials, producing protrusion samples correspond- 

ing to the down-selected protrusion patterns 
* Techno-economic assessment of the laser-based protrusion technique 

being devised. 
As the projected investigation delivers a positive outcome sufficient for 
heavy-duty hybrid joining, it would further benefit utilization of the hybrid 
hull concept for naval vessels, applying the laser-based Comeld-2 material- 
transition structures. 

It is envisioned that for end users, the cost of the laser solution would 
be an order of magnitude less than that of the EB system. Ultimately, the 
targeted technology would substantially increase the market value of the 
hybrid joining technology and hybrid structure concept implementation, 
on the whole. 
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6.3 COMELD-2 NON-NAVAL APPLICATIONS 


Although Comeld-2 joining technology is primarily destined for the Navy’s 
hybrid hull concept, it seems suitable and potentially beneficial for assorted 
nonmilitary applications. Mainly, those would involve heavy-duty applica- 
tions for high-speed crafts, airplanes, automobiles, structural components of 
offshore floating platforms, pipelines for natural gas distribution and transmis- 
sion, modular blades and towers of mega-sized wind turbines, and so on. 

The potential benefits for sea/air/ground vehicles and floating platforms 
are largely similar to those for warship application, whereas the benefits asso- 
ciated with wind turbines include rational realization of a modular blade 
concept favorable for many instances of wind turbine manufacturing, erec- 
tion, and operation. 

In particular, the energy efficiency of a wind turbine grows significantly 
as its sweep area increases. This is due to the amount of the power converted 
from wind into rotational energy of the turbine P, which is proportional to 
the product of the square of the blade length L and the cube of the wind 
velocity v, i.e., 


Px Ly (6.1) 


In reality, the positive effect of turbine enlargement is even greater 
because it is allied with increased height of the tower, implying access to 
faster winds. 

Due to these factors, the trend is to maximize turbine size as much as 
technically possible. However, simply lengthening a blade without changing 
the fundamental design seriously complicates manufacturability, transport- 
ability, and on-site assembly of the turbine. The modular blade design is a 
way of enabling the benefits associated with turbine blade and/or tower 
enlargement while lessening the negative impact (Marsh, 2014). 

The straightforward solution of utilizing plain adhesive bonding is limited, 
though, because of the intensity of the applied loading, the enormity of the 
bonding area, and hence the excessiveness of the molding operations necessary 
to assemble blades of such a mega turbine on the site of its installation. 

A more practical approach is associated with mechanically bolted 
modular sections of either the blade or tower, as is demonstrated by Anon 
(2005) and Marsh (2014). 

However, this option is also not ideal as it is associated with labor- 
intensive hole drilling and bolting operations at the site of mega turbine 
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Figure 6.2 Modular blade - shipbuilding approach. 


erection, considerably affecting both the cost and quality of the turbine 
assembly. 

An application of the Comeld-2 technology effective for a heavy-duty ship 
hull hybrid structure seems to be a suitable alternative for mega wind turbines. 
In this case, the conventional ship hull assembly approach based on welding of 
large hull sections would need to be executed for composite modules of either 
the turbine’s blades or its tower. Outfitting with a metal skirt extended from 
the Comeld-2 structure could be done, as delineated in Figure 6.2. 

Conceivably, this will allow for reduction of the complexity of the 
assembly intrinsic to fabrication and erection of modular wind mega tur- 
bines. Apparently, certain feasibility and tradeoff studies should accompany 
fulfillment of this projected development. 
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APPENDIX: MATLAB CODES ON SERVICEABILITY 
CHARACTERIZATION 


7.1 ULTIMATE STRENGTH VERSUS LENGTH OF LOADING 
AND TEMPERATURE 


SUltimate strength vs loading duration to failure & 
stemperature 

clear 

ene 
Kinetic parameters 

ao=26.2; 

wo=56.8; 
Standard length of loading, s 
ts=100; 

sStandard temperature, K 
Ts=273.15+20; 

For jJa1s3 

sTemperature variation 
T=Ts-60+30* 4; 
T= T/ Ts; 
SVariation of length of loading, s 

FOr L=1.26 

t=10°(i-3); 

su=T/ (ao-T)* (aotwo* (T°-1-1) -log(t/ts)-log(T)-1); 
Su(i)=su; 

tl1(i)=logl0(t); 

end 


plot (tl,Su,'r-") 
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end 

LETS 1 

bLOt GeLl,:Su;,, &gs 2) 

end 

end 
xlabel('Length of constant-rate loading, log10(t),sec') 
ylabel('Ultimate strength relative to standard’) 
legend ("Lowered temperature T=-10C', 'Normal temperature 
...T=20C', 'Elevated temperature T=50C', 3) 


grid 


7.2 RESIDUAL STRENGTH 


SResidual strengthvs. length of monotonic loading and 
stemperature 
clear 
are 
SKinetic parameters 
ao=26.2; 
wo=56.8; 
Standard length of loading, s 
ts=100; 
Actual relative length of loading, s 
tr=100; 
tr=tr/ts; 
sStandard temperature, K 
Ts=273.15+20; 
for j=1:3 
sTemperature alteration 

T=Ts-20+10* 35; 

T=T/T'ss 
for i=1:1001 
do=.3001* (1-2) 3 
srl=T/ (ao-T)* (aotwo* (T°-1-1) -log (tr) -log(T)-1); 
sr=srltlog(.9999-do) /ao; 
Do (1)=do; 
Sr(i)=sr; 
end 
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ii A<d; 
plot (Do,Sr,'b-.') 
holdon 

end 

if T==1 

plot (Do,Sr,'r-") 
hold on 

end 

if T>1 

plot (Do,Sr,'g:") 
holdon 

end 


abel ('Preceding damage fraction, Do") 


label ('Ratio of residual to ultimate strength, Rs') 


legend ('LoweredtemperatureT=10C', 'Normal temperature 


..T=20C', 'Elevated temperature T=30C', 3) 


grid 


axis([0101.2] ) 


7. 


3 CYCLIC LOADING 


Comparison of triangular & haversine cyclic & 
sprotracted loadings 


Cc 


Q 


lear 


S$Kinetic parameters 
wo=56.8; 

ao=26.2; 

to=le-13; 

Cycle period, sec 
te=6; 

r=0; 


For t= 1312 


sStress level 
sm=.1* i; 
Sm(i)=sm; 
ps=ao* sm; 
SProtracted 
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td=to* exp (wo-ps) ; 
ltp (i)=logl0 (td); 
Triangular 
t=td* ps* (1-r) / (1-exp (ps* (r-1))); 
tt (1L)=logl0 (tt); 

SHaversine 
ts=to* exp (wo-ps* (1+r) /2) /besseli(0,ps* (1-r)/2) ; 
1ts(i)=logl10 (ts); 


oe 


seal 


plot(ltt,Sm,'b:',lts,Sm,'g-.',1ltp,Sm, 'm-") 

xlabel ('Durability under cyclic/protracted loading, 
.log10(), s') 

ylabel('Relative stress') 

legend('Triangular cycle','Haversine cycle', 
...'Protracted loading') 

grid 


axis([0901.2] ) 


7.4 DSV DIVING 


SAccumulated damage fraction 
lear 


Qq a 


sKinetic parameters 

ao=26.2; wo=56.8; to=le-13; 

SUltimate ocean depth, m; 

S=10000; 

sTarget depths, m 

Ht=[ 7000 7000 2000 3000 4000 5000 5600 6000] ; 
SLoading rate/velocity, m/s 

VSO Th ed dS 

sDivings 

nd=[ 2 1 5000 1000 500 200 100 58] ; 

Stay under sustained loading, s 

tS=[ 0.12222 2 2] *3600; 

Sxxxx** Preliminary lab test ****** 

The testing is presumed to correspond to a triangular 
scycle in a hyperbaric tank with room temperature 
STL=20C and rate 
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a? 


of loading-unloading 50m/s for relative max pressure 
spm=0.7, e.g., target depth Ht=7000m 

Cycle period, sec and pressure rang 
te=2* Ht (1) /v(1); 

r=0; 

ps=ao* Ht (1) /S; 

sTemperature, C&K 

TL=20; 

TL= (273.15+TL) /293.15; 

Deterioration under test triangle cycles 

De (1) =nd (1) / ( (to* ps* (1-r)* exp ( (wo-ps) /TL) /TL 
.../(1-exp (ps* (r-1) /TL) )) /te)+tS(1)*nd(1) /to/ 
...exp((wo-ps) /TL) 

xx*xx*x* Sea trail & operation ****** 


\e) 


% 
% 


Integration 

dc=0; 

DS=0; 

m=100; 

fom jie 
j1l=jt+1; 
% Target depth, m 
ht=Ht (31); 


% Length of submerging/surfacing, s 
ts=Ht (j1)/v (31); 
% Time step, m 
dt=ts/m; 
ds=0; 
for i=l:mtl 
*Current depth, m 
HeS=V7(7 1) + at* (441) 7 
*sCurrent pressur 
p=Hc/S; 
ps=ao*p; 
sCurrent temperature, C 
Te (1) =27.5* (Hc/10004+1) -2.4+2.5; 
sCurrent relative temperature, K 
Tk= (Tc (i) +273.15) /293.15; 
Integration for submerging & surfacing 
ds=ds+2* dt/to/exp ((wo-ps) /Tk) ; 


ale 
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SIntegration for staying on target depth 
if i==mt+1 
ds=ds+tS (31) /to/exp((wo-ps) /Tk) ; 
end 
Control of temperature distribution at ocean depth 
plot (Tc, HC) 
holdon 
xlabel ('Ambient temperature, C') 
ylabel ('Ocean depth, m') 
grid 
axis ij 
end 
De (j1)=ds*nd(j31); 


AP AP AP AP AP WP OP 


for j=1:8 
DS=DS+De (4); 


xlabel ('Load case') 
ylabel('Partial material deterioration') 


axis ([090 .6] ) 


GLOSSARY/ABBREVIATIONS 


Adherend a material or part that is held to another by an adhesive 

AEM/S advanced enclosed mast/sensor system 

ATD advanced technology demonstration 

Comeld_ bonded-pinned composite-to-metal joining technology 

Comeld-2 Comeld joint configuration with metal double lap 

CRFP carbon-fiber-reinforced plastic 

CTC Concurrent Technologies Corporation, Johnstown, Pennsylvania 

CTD cool temperature dry 

CTE coefficient of thermal expansion 

DCNS naval defense company based in France, one of Europe’s leading shipbuilders 

DDG NATO standard designation for guided missile destroyers. Many of these vessels are 
also equipped to carry out antisubmarine, anti-air, and antisurface operations. 

DNV Det Norske Veritas, a Norwegian classification society 

DSV deep-submergence vehicle 

EB electron beam 

ESS engineered syntactic systems 

ETD elevated temperature dry 

ETW elevated temperature wet 

EWI Edison Welding Institute, Columbus, Ohio 

FE finite element 

FEA finite element analysis 

FMV Swedish Defence Materiel Administration 

FRP fiber-reinforced plastic 

FSU Former Soviet Union 

GRFP glass-fiber-reinforced plastic 

HII Huntington Ingalls Industries 

KSRC Krylov State Research Centre, St. Petersburg, Russia 

KVASI Kockums vacuum-assisted sandwich infusion 

LPD An amphibious transport dock, also called a landing platform/dock, which is an 
amphibious warfare ship that embarks, transports, and lands elements of a landing 
force for expeditionary warfare missions. 

MANTEC Navy Manufacturing Technology Program 

MCMV mine countermeasures vessel 

NSWCCD Naval Surface Warfare Center, Carderock Division, West Bethesda, Maryland 

ONR Office of Naval Research, Arlington, Virginia 

PMC polymer matrix composite 

PMI polymethacylimide 

Prepreg a reinforcing fibrous material pre-impregnated with a resin system 

PVC polyvinyl chloride 

QA quality assurance 
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RCS radar cross section 

ROM rough order-of-magnitude 

RTD room temperature dry 

RTW room temperature wet 

SCRIMP Seemann composites resin infusion molding process 
Surfi-Sculpt metal protrusion process employing power beam 
TDP technology demonstration grillage panel 

TRL technology readiness level 

TSI Triton Systems, Inc., Chelmsford, Massachusetts 

TWI The Welding Institute, Cambridge, United Kingdom 
USNA US Naval Academy, Annapolis, Maryland 

UV ultraviolet 

VIP closed-mold vacuum-assisted infusion material processing 
WMT&R Westmoreland Mechanical Testing & Research, Inc., Youngstown, Pennsylvania 
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the US Navy technology readiness level 
(TRL), 128-129 
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bonded-pinned joint, 64 
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hybrid hull structure, 66 

material processing techniques, 66 

metal double-lap joint option, 65 

modified bonded-pinned, 66f 

Surfi-Sculpt process, 64—65 

Complex loading profiles 

3D criteria, 161 

3D stress state, 160 

force-temperature exposure, 161 
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Complex loading profiles (Continued) 
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160-161 
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Deadweight-to-displacement ratio, 2 
Deckhouse, 33-34 

Destroyers, 1—2 

Det Norske Veritas (DNV), 51-52 
Dissimilar material systems, 1 
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Double-bottom architecture, 21 
Double-hull architecture, 40 
Downgrading factors, performance, 138f 
DSV Poisk-6, 39, 43 

DSV’s pressure hull, 162 


E 

EB. See Electron beam (EB) 
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General Dynamics Electric Boat, 43 
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Goodrich composite sail cusp, 42 


H 
Hangar module, 33 
Hatches, 41 
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Heterogeneity, 134 
Hull characteristics, full-composite 
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Hull unexampled weight, 15 
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architecture, 4f 
notion, 2 
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structural optimization, 5 
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bonded-bolted/fastened joints, 51, 59-62 Joint’s actual geometry, 54-55 
heavy-duty hybrid joints, 51 


merely bolted joints, 58-59 K 
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Kinetic-based approach, 142, 170-171, 
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C3D8R elements, 81 force-ambient conditions, 165—166 
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hybrid joint model, 81 polynomial functions, 167 
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metal-composite interface, 82 Kinetic theory, 142 
mono-material and hybrid, 80 Knockdown factors, 137 
physical exposure, 82 Kockums vacuum-assisted sandwich 
strain rate material characteristics, 81 infusion (KVASI) system, 16-17 
Tsai-Hill failure criterion, 81 Krylov State Research Centre (KSRC), 8 
velocities and mass, 81, 82 KVASI system. See Kockums vacuum- 
Initial computer simulations assisted sandwich infusion (KVASI) 
ANSYS FE post-processing procedure, system 
74-715 
ANSYS FE software, 71 L 
bonded-pinned joint model, 72, 75 La Fayette class frigates, 30 
bonding film, 72, 76 Landsort class, 16 
compression and tension stressing, 74 Laser-based Surfi-Sculpt, 177-178 
design features, 75 Lerici class, 14 
failure modes, 73 Lerici’s Lerici monocoque design, 15 
and FE modeling, 70 Linear damage accumulation rule, 145 
half-joint model, 73 Load-bearing capability, 144 
integral failure index, 73 
intensified stressing, 75 M 
interaction, bonded-pinned joint Marine-grade GFRP compositions, 8—9 
components, 75-76 Mast’s shape, 32 
layout, 71, 71f Material-design-technology concept, 19-23 
load-bearing capability, 75-76 Material processing techniques, 51, 
mechanical properties, 72-73 55-56, 66 
Norris-McKinnon criterion, 74 Material-transition structure, 49, 176 
protrusion pattern, 71, 72f Math models, 50 
stressing state, 73-74 MatLab codes, serviceability 
three-dimensional stress state, 73-74 characterization 
von Mises criterion, 74 cyclic loading, 185-186 
In-plane tension loading, 57, 63, 65, 114, DSV diving, 186-188 
117, 162, 168-169 residual strength, 184-185 
Intermarine’s design, hull girder, 13-14 strength vs. length of loading and 
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MCMVs. See Mine countermeasures vessels 
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test set-up, 114-115 
Metal adherend, 52 
Metal fastener, 60 
Metal double-lap, 53, 53f, 54 
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Mine countermeasures vessels (MCMVs), 
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Mono-material structures, 49, 134 
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DDG 1000 project, 64 
DNV class joint, 63 
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fatigue characterization, 122 
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fiber material, 139 
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naval application, 1—2 
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FE software, 88 
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joint failure mode, 95 
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load-bearing capability, 98 
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